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Abstract
There has recently been a dramatic renewal of interest in the subjects of hadron spec-
troscopy and charm physics. This renaissance has been driven in part by the discovery of
a plethora of charmonium-like XY Z states at BESIII and B factories, and the observa-
tion of an intriguing proton-antiproton threshold enhancement and the possibly related
X(1835) meson state at BESIII, as well as the threshold measurements of charm mesons
and charm baryons.
We present a detailed survey of the important topics in tau-charm physics and hadron
physics that can be further explored at BESIII over the remaining lifetime of BEPCII
operation. This survey will help in the optimization of the data-taking plan over the
coming years, and provides physics motivation for the possible upgrade of BEPCII to
higher luminosity.
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Chapter 1
Introduction
1.1 Motivation
The purpose of this White Paper is to examine the BESIII program [1], to consider
further physics opportunities, and to plan for possible upgrades to the BEPCII accelera-
tor and the BESIII detector [2], in order to fulfill the physics potentials with the BESIII
experiment. The BESIII Yellow Book [1] documented the original plan for the BESIII
physics program before its commission. The discovery of the Zc(3900) [3], followed by
many experimental results on the XY Z hadrons [4–6] by BESIII, were pleasant surprises,
which were not foreseen in the Yellow Book. Another surprise came from the first sys-
tematical absolute measurements of the Λ+c decay properties based on threshold Λ
+
c Λ¯
−
c
pair production [7, 8]. The physics related to the XY Z hadrons and (heavier) charmed
baryons have also become focal points for the Belle II and LHCb experiments, and present
exciting area for the BESIII experiment going forward. In addition to these, a full spec-
trum of other important experimental opportunities, as will be discussed in this White
Paper, will be continually pursued by BESIII, such as light hadron spectroscopy and
charmed meson physics.
The integration of quantum theory and Maxwell’s electrodynamics leads to a new,
powerful theoretical scenario, i.e., of quantum electrodynamics (QED), which was the
first building block of what is called today the Standard Model (SM) of particle physics.
Experimental progress led to the discoveries of new particles, and characterizations of
their properties, which helped to develop the theoretical framework further to a common
understanding of the weak and electromagnetic interactions, called electroweak theory.
The modern theory of the strong interaction, called quantum chromodynamics (QCD),
was modeled in a similar way on the basis of exact color SU(3) symmetry for the quarks
and gluons.
Despite being so successful, several issues remain un-answered in the SM. The strong
interaction only allows the existence of composite objects; free quarks and gluons have
never been observed. This is called confinement, but it is far from being theoretically
understood due to its non-perturbative nature. A detailed study of composite objects
and their properties will shed light on this part of QCD. Furthermore, one might suspect
that additional features or underlying symmetries beyond the SM might have not been
discovered yet, which is usually summarized by the phrase ‘new physics’.
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The hadron physics experiments in the 1970’s and 1980’s concentrated on studying
the spectroscopy of the newly discovered hadrons containing relatively heavy charm and
bottom quarks, or tried to understand specific questions in the light-hadron sector with
dedicated experiments. For the heavy-quark mesons, no clearly superfluous or ambiguous
hadron states have been reported. Recent discoveries of ‘exotic’ charmonium-like states
have made the picture more complicated [38]. Furthermore, the situation has always
been less straightforward for light mesons and baryons containing solely light quarks [10].
Here, the high density of states and their broad widths often make the identification and
interpretation of observed signals rather ambiguous. So far the unambiguous identification
and understanding of gluonic hadrons is clearly missing. However, the self-interaction of
gluons is central to QCD and leads to a flux tube of gluons binding the quarks inside
a hadron together. Due to the self-interaction, bound states of pure gluons (named
glueballs) or their mixing with conventional mesonic state, should exist as well as so-
called hybrids, where quarks and gluonic excitations contribute explicitly to the quantum
numbers.
The energy regime that BESIII is operating in and the detector design allow for a
detailed study of the charmonium and light-quark region. Charmonium physics received
a major renewal of interest when in the 2000’s many new, unexpected resonances, called
X, Y and Z states [38], were discovered, that could not be accommodated by the quark
model. Many of those were found by the Belle, BaBar, CDF, D0 and later the LHC
experiments, but only BESIII is dedicated to the energy region where most of these states
appear. It is therefore no surprise that detailed studies with much higher statistics can
only be performed at BESIII. Nowadays, BESIII is one of the main contributors to the
understanding of these XY Z states. At the same time, the high production cross section
of charmonia at BEPCII together with a modern, almost hermetic detector for charged
and neutral particles, allows also for high-precision studies of light-quark hadrons in the
decay of charmonia. Since this decay into light quarks proceeds via gluons, it is likely
that the desired studies of gluonic excitations may be performed at BESIII, as will be
shown in this White Paper.
Despite the discovery of charm quark more than 40 years ago, many questions about
charmed particles still remain unsolved [38]. An upgraded BEPCII and BESIII can make
key contributions to lepton flavor universality, the unitarity of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, validity of lattice QCD (LQCD), as well as theories of decay
constants and form factors by studying leptonic and semileptonic decays of charmed
particles. It can give insights into the applicability of QCD in low-energy nonperturbative
contexts and can greatly expand our knowledge of charmed baryon properties. Open
questions here include missing Λc decay modes (e.g., those with as yet undetected neutral
or excited final-state baryons) and baryon electromagnetic structure.
1.2 The BESIII detector and its upgrades
The BESIII detector and BEPCII accelerator represent major upgrades over the previ-
ous version of BES [11, 12] and BEPC [13]; the facility is used for studies of hadron physics
and τ -charm physics. The BEPCII collider, installed in the same tunnel as BEPC, is a
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double-ring multi-bunch collider with a design luminosity of 1× 1033 cm−2s−1 optimized
at a center-of-mass (cms) energy of 2 × 1.89 GeV, an increase of a factor of 100 over its
predecessor. The design luminosity was reached in 2016, setting a new world record for
the accelerator in this energy regime [14].
The BESIII detector is designed to fulfill the physics requirements, and the technical
requirements for a high luminosity, multi-bunch collider. Detailed descriptions of the
BESIII detector can be found in Ref. [2]. Figure 1.1 shows a schematic view of the BESIII
detector, which covers 93% of 4pi solid angle. It consists of the following components:
• A Helium-gas based drift chamber (MDC) with a single wire resolution that is better
than 120 µm and a dE/dx resolution that is better than 6%. The momentum
resolution in the 1.0 T magnetic field is better than 0.5% for charged tracks with a
momentum of 1 GeV/c.
• A CsI(Tl) crystal calorimeter with an energy resolution that is better than 2.5%
and position resolution better than 6 mm for 1 GeV electrons and gammas.
• A Time-of-Flight (TOF) system with an intrinsic timing resolution of 68 ps in barral
part and resolution of 110 ps in end-cap part.
• A super-conducting solenoid magnet with a central field of 1.0 Tesla.
• A 9-layer RPC-based muon chamber system with a spatial resolution that is better
than 2 cm.
Details of each sub-detector and their performance, together with the trigger system, are
discussed in Ref. [2].
The BESIII detector has been operating since 2009, and BEPCII has delivered around
30 fb−1 of integrated luminosity at different cms energies. The experiment has received
several upgrades, and new upgrades for both the detector and accelerator are being con-
sidered.
1.2.1 Upgrade of ETOF
In order to improve the capability of particle identification of the BESIII experiment,
the end-cap time-of-flight (ETOF) detector was upgraded with multi-gap resistive plate
chamber (MRPC) technology in 2015 [15]. The MRPC is a new type of gaseous detector
that has been successfully used as TOF detectors in several experiments. The new ETOF
system of BESIII consists of two end-caps; each end-cap station has 36 trapezoidal shaped
MRPC modules arranged in circular double layers as shown in Figs. 1.2 and 1.3. Each
MRPC is divided into 12 readout strips which are read out from both ends in order
to improve the timing resolution. The readout electronics system of MRPC detectors
consists of FEE boards, time-to-digital conversion modules, calibration-threshold-test-
power board, fast control module and a clock module in NIM crates that communicates
with and is controlled by the data acquisition system. A multi-peak phenomenon in the
time-over-threshold distribution is observed, and the reflection of the inductive signal at
the ends of the strip is the main contribution. An empirical calibration function based on
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Figure 1.1: An Overview of the BESIII Detector.
the analysis of the correlation of raw measured time, time-over-threshold and extrapolated
hit position of the charged particle, is implemented using the real data of Bhabha events.
Performance checks show the overall time resolution for pions with momentum around
0.8 GeV/c is about 65 ps, which is better than the original design goals.
1.2.2 Upgrade of Inner MDC with a CGEM inner tracker
The MDC is the main tracker of the BESIII with the capability of accurate mea-
surements for the position and the momentum of charged particles produced in e+e−
collisions, as well as the charged particles identification by measuring dE/dx. The MDC
is a low-mass cylindrical wire chamber with small-cell geometry, using helium-based gas
and operating in a 1 T magnetic field. It consists of an inner chamber (8 layers) and
an outer chamber (35 layers), which are jointed together at the endplates and share a
common gas volume. After many years of running since 2009, the MDC is suffering from
ageing problems due to beam-induced background with a hit rate up to 2 kHz/cm2 [16],
which has caused the cell gains of the inner chamber to drop dramatically (about 39%
drop for the first layer cells in 2017 as shown in Fig. 1.4), and furthermore has led to a
degradation of the spatial resolution and reconstruction efficiency. Because of the radia-
tion damage in the inner chamber, a cylindrical gas electron multiplier (CGEM) has been
selected as one of options of the upgrade, due to its attractive features of a high count-
ing rate capability and low sensitivity to ageing. The CGEM inner tracker (CGEM-IT)
project deploys a series of innovations and special attributes in order to cope with the
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Figure 1.2: Schematic drawing of MRPC ETOF at BESIII.
Figure 1.3: The cross-sectional view of a MRPC module along its length for the ETOF
at BESIII.
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Table 1.1: List of the requirements for the new inner tracker.
Value Requirements
σxy ≤ 130 µm
σz ≤ 1 mm
dp/p for 1 GeV/c 0.5%
Material budget ≤ 1.5% X0
Angular Coverage 93% ×4pi
Hit Rate 104 Hz/cm2
Minimum Radius 65.5 mm
Maximum Radius 180.7 mm
requirements of BESIII, as listed in Table 1.1.
Figure 1.4: Relative gain decrease of the cells in each year as a function of the MDC layer.
The CGEM-IT consists of three layers of triple cylindrical GEM [17], shown in Fig. 1.5.
Each layer is assembled with five cylindrical structures: one cathode, three GEMs and the
anode readout (see Fig. 1.5) [18]. The GEMs and electrode foils are produced in planes
and then shaped as cylinders. The assembly is performed inside a vertical inserting
machine. To minimize the material budget, no support frames are used inside the active
area and the GEM foils are mechanically stretched, being glued to Permaglass rings at
their ends. The Permaglass rings are used only outside the active area to operate as gas
sealing structure and gap spacers. A sandwich of a PMI foam, called Rohacell, and kapton
is used in order to provide mechanical rigidity to the anode and the cathode electrodes.
Rohacell is a very light material that limits the material budget to 0.3% of radiation
length (X0) per layer.
The readout anode circuit is manufactured with the 5 µm copper clad, 50 µm thick
polyimide substrate. Two foils with copper segmented in strips are used to provide two-
dimensional readout. The strip pitch is 650 µm, with 570 µm wide X-strips parallel to
CGEM axis, providing the r − φ coordinates, while the V-strips, having a stereo angle
with respect to the X-strips, are 130 µm wide and, together with the other view, gives
the z coordinate. The stereo angle depends on the layer geometry. A jagged-strip layout
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Figure 1.5: Cross-section of the triple GEM detector used for the BESIII CGEM-IT.
Figure 1.6: Sketch of the setup for the CGEM test beam.
is used to reduce the inter-strip capacitance up to 30%. An innovative readout based
on analogue information and data-pushing architecture has been developed. A dedicated
ASIC has been developed to provide time and charge information for each strip.
In order to verify that the CGEM-IT can reach the required performance, an extensive
series of beam tests have been conducted in the last few years within the test beam
activities of the RD51 Collaboration of CERN. The tests were performed both on 10
×10 cm2 planar GEM chambers and on a cylindrical prototype with the dimension of the
second layer of the final CGEM-IT [19]. All the tests were performed in the H4 line of
the SPS, in CERN North Area. Since the CGEM-IT will operate in a magnetic field, all
the test chambers were placed inside Goliath, a dipole magnet that can reach up to 1.5 T
in both polarities. Pion and muon beams with momentum of 150 GeV/c were used. Two
scintillators were placed upstream and downstream the magnet to operate as a trigger. A
typical setup using the cylindrical prototype is shown in Fig. 1.6.
The performance of the planar GEM chambers in magnetic field was studied with the
charge centroid method. The presence of an external magnetic field induces a deformation
of the avalanche shape at the anode due to the Lorentz force: the charge centroid method
performance degrades almost linearly with the magnetic field strength as shown in Fig. 1.7.
8 CHAPTER 1. INTRODUCTION
Figure 1.7: Resolution with respect to the magnetic field strength for Ar/iC4H10(90/10)
and Ar/CO2(70/30).
Figure 1.8: Resolution with respect to drift field in 1 T magnetic field for two different
drift gaps: 3 mm drift gap and 5 mm drift gap.
Figure 1.9: Resolution comparison between charge centroid and µ-TPC with respect to
the incident angle of the track in 1 T magnetic field.
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It is still possible to improve the performance by a proper optimization of the drift field
as shown in Fig. 1.8. With the proper choice of gas mixture (Ar/iC4H10(90/10)) and drift
field (2.5 kV/cm) it is possible to achieve a resolution of 190 µm in a 1 T magnetic field.
The µ-TPC is another available method for track reconstruction. It is an innovative
approach that exploits the few millimeters drift gap as a Time Projection Chamber.
Indeed, the time of arrival of the induced charge on the strip can be used to reconstruct
the first ionization position in the drift gap and thus improve the spatial resolution. The
µ-TPC method can improve and overcome the charge centroid limits granting a spatial
resolution lower than 200 µm for a large angle interval, as shown in Fig. 1.9. Further
studies are ongoing. By merging these two methods it will be possible for the spatial
resolution of the CGEM-IT to satisfy the requirements of BESIII.
The construction of the CGEM-IT will be completed, and then a long term cosmic-
ray test will be performed to evaluate the performance of the whole CGEM-IT before the
replacement of the inner chamber of the MDC.
1.2.3 Upgrade of Inner Chamber with an improved inner MDC
In addition to the construction of the CGEM-IT, an improved new inner MDC has
been built that can replace the aged inner part of the MDC if needed [20].
Figure 1.10: Overview of the mechanical structure of the inner MDC. (a) The old inner
chamber. (b) The new inner chamber.
The new inner MDC is designed with multi-stepped end-plates. Each step contains
one sense-wire layer and one field-wire layer, which can shorten the wire length exceeding
the effective detection sold angle, and minimize the ineffective area in the very forward
and backward region and hence reduce the background event rate of all cells, as shown in
Fig. 1.10. The maximum reduction of the rate of background events is more than 30% for
the first layer cells. With this design, the new inner MDC is expected to have a longer
lifetime and improved performance due to the lower occupancy.
The new inner MDC is mainly composed of two multi-stepped endplates and an inner
carbon fiber cylinder. The length of the new inner chamber is 1092 mm, and the radial
10 CHAPTER 1. INTRODUCTION
extent is from 59 mm to 183.5 mm, including 8 stereo sense wire layers, comprising 484
cells in total. Similar to the old chamber, the drift cells of the new chamber have a nearly
square shape, as shown in Fig. 1.11. The size of each cell is about 12 mm×12 mm with
a sense wire located in the center, surrounded by eight field wires. The sense wires are
25 µm gold-plated tungsten wires, while the field wires are 110 µm gold-plated aluminum
wires.
Figure 1.11: End view of the new inner chamber and the layout of the cells. (a) End view
of the new inner chamber. (b) The drift cells of the chamber.
In the construction of the new inner chamber, two aluminum endplates were manufac-
tured with an eight-step structure for each one. A total of 2096 wire holes with a diameter
of 3.2 mm were drilled in each endplate with the mean value of the tolerances of 14 µm.
A carbon fiber inner cylinder with a thickness of 1.0 mm, was covered with two layers of
100 µm thick aluminum foils on its inner surface and outer surface respectively for elec-
tromagnetic shielding. The endplates and the cylinder were assembled with a precision
better than 30 µm. Wire stringing was performed after the mechanical structure was
assembled. Good quality of wire stringing was achieved by monitoring the wire tension
and leakage current during the stringing. The non-uniformity of wire tension was less
than 10%, and the leakage current was lower than 2 nA for each wire.
After the completion of the construction of the new chamber, a cosmic-ray test without
magnetic field was carried out to evaluate its performance, shown in Fig. 1.12. The results
of the cosmic-ray test show that the new inner chamber achieves a spatial resolution of
127 µm and a dE/dx resolution of 6.4%, shown in Fig. 1.13 and Fig. 1.14, which satisfy
the design specifications. These performances verify the successful construction of the
new chamber, and now the new inner chamber is ready to be used if needed.
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Figure 1.12: The cosmic-ray test of the new inner MDC.
Figure 1.13: Residual distribution of the new inner MDC, showing the results of a fit with
a double-Gaussian function.
Figure 1.14: The dE/dx resolution with the new inner MDC, showing the results of a fit
with a single Gaussian function.
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A decision on whether to install the CGEM or new inner MDC will be made, according
to the results of their beam and cosmic-ray tests.
1.3 BEPCII upgrades
BEPCII delivered its first physics data in 2009 on the ψ(3686) resonance. Since then,
BESIII has collected about 30 fb−1 integrated luminosity at different energy points from
2.0 to 4.6 GeV. By using these data samples, the BESIII collaboration has published more
than 270 papers, which have been making significant contributions to hadron spectroscopy,
tests of various aspects of QCD, charmed hadron decays, precision test of the SM, probes
of new physics beyond the SM, as well as τ mass measurement. Nowadays, the BESIII
experiment plays a leading role in the study of the τ -charm energy region.
During the past 10 years of successful running, better understanding of the machine
is achieved. With the increasing physics interest, two upgrade plans of BEPCII were
proposed and approved. The first one is to increase the maximum beam energy up to
2.45 GeV, to expand the energy territory. The second is the top-up injection to increase
the data taking efficiency. The activities of these two upgrades begin in 2017.
Before 2019, the beam energy of BEPCII ranges from 1.0 to 2.3 GeV. In order to
extend the physics potential of BESIII, an upgrade project to increase the beam energy
up to 2.45 GeV was initiated. In order to achieve this goal, some hardware modification
are necessary, including the power supplies of dipole magnet, power supplies of special
magnets in the interaction region, septum magnet and its water cooling system. These
hardware modifications were completed during the summer shutdown in 2019, while the
commissioning will be finished in the end of 2019. However, as expected, running at
high energy region above 1.89 GeV, the beam current will decrease due to the limitation
of Radio Frequency (RF) power and the difficulty in controlling the bunch length and
emittance. Hence, the peak luminosity will go down with the increasing beam energy,
which is shown in Fig. 1.15. In the future, it would be interesting to investigate the
possibilities of slight increasing of the beam energy up to 2.5 GeV and slight decreasing
down to 0.9 GeV, for the interests of studying Ξc and nucleon productions, respectively.
Top-up injection is a highly efficient operation scheme for the accelerator [21], under
which the beam current us kept nearly constantly. As there is no break time of beam
refilling, the integrated luminosity can be improved by 20% to 30% for data taking in a
longer time span. The BEPCII upgrade for the top-up injection for collision mode has
been started from September 2017. In order to obtain stable online luminosity, the beam
current fluctuation should be controlled within 1.5% with one e+ injection and twice e−
injections every 90 seconds, so that the variation of the online luminosity could be less
than 3% of its nominal value. The injection rates of the e+ and e− bunches should be
higher than 60 mA/min and 180 mA/min, respectively. The commissioning of the top-up
injection begins after the summer shutdown in 2019 and finished by the end of year.
There are also discussions on further machine upgrades on luminosity. The recently
proposed crab-waist collision scheme [22] is believed to be essential for the luminosity
challenge in the next-generation high luminosity e+e− collider. The possibility of crab-
waist scheme at BEPCII has been considered since 2007. However, it was found impossible
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Figure 1.15: The estimation of peak luminosity of BEPCII in the energy region above 2.1
GeV.
if only minor changes on the current design are allowed. A recent upgrade proposal
of BEPCII based on crab-waist scheme was discussed in detail [23], which presents an
upgrade project with the peak luminosity of 6.0× 1033 cm−2s−1. This is 10 times higher
than the achieved luminosity of BEPCII at the beam energy of 2.2 GeV. The crab-
waist collision with large Piwinski angle is suggested to be adopted with the parameter
modifications of the BEPCII. The β functions at the interaction point would be modified
from 1.0 m/1.5 cm to 0.14 m/0.8 cm in the horizontal and vertical plane, respectively.
The emittance is reduced from 140 nm to 50 nm with the damping wigglers. Regarding to
this proposal, a detailed design with crab-waist scheme has been studied. From the study,
many physical and technical issues are investigated, such as injection, dynamic aperture,
emittance coupling, high power RF, super-conducting quadrupoles/wigglers, and strong
crab sextupoles etc. Finally, it is found that the crab-waist scheme is a complicated and
time-consuming project and not practical with the present BESIII detector.
Another economic way to increase luminosity is by raising up beam current, which
would potentially gain a factor of 2 improvement of peak luminosity. For this purpose,
one needs to suppress bunch lengthening, which require higher RF voltage. The scenario
of expected luminosity, beam current and SR power is shown in Fig. 1.16. The RF,
cryogenic and feedback systems need to be upgraded accordingly according to the higher
beam current. Nearly all the photon absorbers along the ring and some vacuum chambers
also need to be replaced in order to protect the machine from heat of SR. The budget
is estimated to be about 100-200 million CNY and it will take about 3 years to prepare
the upgraded components and 1 year of installation and commissioning. This upgrade
scheme with higher beam current is more realistic at present than the crab-waist scheme.
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Chapter 2
Light Hadron Physics
2.1 Introduction
The generally accepted theory for the strong interaction, quantum chromodynam-
ics (QCD), remains a challenging part of the standard model in the low- and medium-
energy regime. In the high energy regime, asymptotic freedom of the partons consti-
tuting hadrons allows systematic calculations in QCD using perturbation theory. In the
low-energy regime where the energies are (much) smaller than a typical strong inter-
action scale, there are well-established theoretical methods, chiral perturbation theory
(ChPT). In the intermediate-energy regime, the non-Abelian character of QCD requires
a non-perturbative approach which must rely either on lattice QCD (LQCD) or on QCD-
inspired models. Therefore, the study of light hadrons is central to the understanding of
confinement physics.
Significant progress in the light-quark sector appeared in the last few years due to
unprecedented high-statistics data sets from experiments at both electron and hadron
machines. Due to the non-Abelian structure of QCD bound states beyond the constituent
quark degrees of freedom, e.g., multiquark states or states with gluonic degrees of freedom
(hybrids, glueballs) are expected. Their unambiguous identification and systematic study
would provide a validation of and valuable input to the quantitative understanding of
QCD. Over the last decade, there have been several relevant reviews [1–6] on this subject,
which cover in great detail both meson spectroscopy and baryon spectroscopy.
Data with unprecedented statistical accuracy and clearly defined initial and final state
properties offer BESIII great opportunities to investigate hadron spectroscopy and led to
significant advances in recent years. The road map for the light hadron physics program at
BESIII has already been defined, following the trajectory of endeavors over last decades [7,
8]. In this document we reiterate the physics case on the basis of achieved results.
2.2 Meson spectroscopy and the search for QCD ex-
otics
Confinement is a unique property of QCD. The quark model describs mesons as bound
states of quarks and antiquarks. LQCD and QCD-motivated models for hadrons, however,
17
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Table 2.1: Glueball masses (in units of MeV/c2) from the quenched [10, 11] and un-
quenched [12, 13] lattice QCD studies.
mpi m0++ m2++ m0−+
quenched Ref. [10] — 1710(50)(80) 2390(30)(120) 2560(35)(120)
quenched Ref. [11] — 1730(50)(80) 2400(25)(120) 2590(40)(130)
unquenched Nf = 2 [12] 938 1417(30) 2363(39) 2573(55)
650 1498(58) 2384(67) 2585(65)
unquenched Nf = 2 + 1 [13] 360 1795(60) 2620(50) —
predict a richer spectrum of mesons that takes into account not only the quark degrees of
freedom but also the gluonic degrees of freedom. A primary goal of the BESIII experiment
is to search for and study those QCD exotics or states with a composition that is different
from normal mesons and baryons. Understanding these will provide critical information
on the quantitative understanding of confinement.
2.2.1 Glueballs
The spectrum of glueballs is predicted by quenched LQCD [9–11] with the lightest one
having scalar quantum numbers 0++ and a mass between 1.5 GeV/c2 and 1.7 GeV/c2.
Also the next-higher glueball states have nonexotic quantum numbers, 2++ (mass 2.3–
2.4 GeV/c2) and 0−+ (mass 2.3–2.6 GeV/c2), and hence will be mixed into the conven-
tional meson spectrum and difficult to be identified experimentally. It requires systematic
studies to identify a glueball by searching for outnumbering of conventional quark model
states and comparing a candidates properties to the expected properties of glueballs and
conventional mesons.
In a simple constituent-gluon picture, these three states correspond to two-gluon sys-
tems in a relative S wave, with different combinations of helicities. Table 2.1 summarizes
the quenched and unquenched lattice results for the masses of the lightest glueballs. The
masses of scalar and tensor glueballs from quenched LQCD are consistent with those
obtained by Nf = 2 [12] and Nf = 2 + 1 [13] unquenched LQCD.
Glueballs are expected to appear in so-called gluon-rich environments. The radiative
decays of the J/ψ meson provide such a gluon-rich environment and are therefore regarded
as one of the most promising hunting grounds for glueballs. Recent LQCD calculations
predict that the partial width of J/ψ radiatively decaying into the pure gauge scalar
glueball is 0.35(8) keV, which corresponds to a branching ratio of 3.8(9) × 10−3 [14];
the partial decay width for a tensor glueball is estimated to be 1.01(22)(10) keV which
corresponds to a large branching ratio 1.1(2)(1)× 10−2 [15]; the partial decay width for a
pseudoscalar glueball is estimated to be 0.0215(74) keV which corresponds to a branching
ratio 2.31(80) × 10−4 [16]. With the unique advantage of high-statistics J/ψ sample, a
systematics research program of glueballs has been performed at BESIII. The pseudoscalar
sector draws special attention due to the small number of expected resonances of the quark
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model. However, experimental input is very limited for now and the hope is in BESIII for
significant improvements. In the scalar sector and tensor sector already a large number
of resonances is observed. However, the nature of all of these states is still controversial,
but the program at BESIII can provide crucial information to map out the scalar and
tensor excitations.
The scalar mesons
A related review on the topic can be found in the section “Note on Scalar Mesons below
2 GeV” in PDG [5]. The most striking observation is that the f0(1370), f0(1500) and
f0(1710) appear to be supernumerary. Many papers interpret the existence of these three
scalars as a manifestation of the underlying light quarkonium nonet and the lowest-mass
scalar glueball.
Challenges in the interpretation of the scalar sector involve both experimental and
theoretical efforts. The following key questions account for the major differences in the
models on scalar mesons and need to be addressed in the future:
• What is the nature of the f0(980) and a0(980)? Are they ordinary qq¯ states, KK¯
molecules or something else? The measurement of the a0(980)− f0(980) mixing in-
tensity provides a sensitive probe. Using isospin-violating decays of J/ψ → φa0(980)
and χc1 → f0(980)pi0, the signals of f0(980)→ a00(980) and a00(980)→ f0(980) mix-
ing are observed at BESIII [18, 19]. The new results from BESIII provide critical
constraints to the development of theoretical models for those ground-state scalars.
As a key input, a better understanding of f0(980) will have an important impact on
the mixing scheme of scalar glueball and nearby scalar resonances.
• Is the f0(1370) a true qq¯ resonance or generated by ρρ molecular dynamics?
• Even though the fact of a supernumerary state is suggestive, the decay rates and
production mechanisms are also needed to unravel the quark content of f0(1500)
and f0(1710). In the partial wave analysis (PWA) of J/ψ → γηη [20] and J/ψ →
γKSKS [21] at BESIII, the branching fractions of the f0(1710) are one order of
magnitude larger than those of the f0(1500). With the new measurements from
BESIII, the known branching fraction of J/ψ → γf0(1710) [5] is up to 1.7 × 10−3,
which is already comparable to the LQCD calculation of scalar glueball (3.8(9) ×
10−3 [14]). The production property suggests f0(1710) has large gluonic component
than f0(1500). More precise measurements of the partial decay widths in the future
will improve the understanding of the internal structure of these states. A significant
property of glueball decays is their expected flavor symmetric coupling to final-
state hadrons, even though some modifications from phase space, the glueball wave
function, and the decay mechanism are expected.
• How many distinct resonances exist around 1.7 GeV/c2? The f0(1710) and f0(1790)
were observed at BES and the X(1810) was observed in J/ψ → γωφ [22].
• What is the nature of the f0(2100)? Besides f0(1710), large production of scalars
around 2.1 GeV/c2 is also observed in J/ψ → γηη [20], J/ψ → γpi0pi0 [23] and
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Figure 2.1: Invariant mass distribution of ηη from J/ψ → γηη, and the projection of the
PWA fit from BESIII: (a) the 0+ component, (b) the 2+ component [20]. Dots with error
bars are data. Solid histograms are the projections of the PWA fit.
J/ψ → γKSKS [21]. The pattern of production in the gluon-rich radiative J/ψ
decays agrees well with that of the ground state glueball and its first excitation as
predicted by LQCD. It is notable that the f0(2100) is also largely produced in pp¯
annihilation. An additional way to unveil its nature is to measure the ratio of its
decay modes into ηη′ and η′η′. Furthermore, the number of existing scalars in the
f0(2100) region needs clarification.
The tensor mesons
Within the quark model, there are two quark configurations, the 3P2(L = 1, S =
1, J = 2) and the 3F2(L = 3, S = 1, J = 2) nonets. Hence, the tensor sector is ex-
tremely busy and there are a large number of tensor states appear in the PDG [5]. The
three tensors f2(2010), f2(2300) and f2(2340) observed in pi
−p → φφn [24] are also ob-
served in J/ψ → γφφ [25]. Figure 2.1 and 2.2 show the resulting PWA fit result of
the ηη and φφ invariant mass spectra. The large production rate of the f2(2340) in
J/ψ → γφφ and J/ψ → γηη [20] indicates f2(2340) is a good candidate of tensor glue-
ball. Significant tensor contribution around 2.4 GeV/c2 also presents in J/ψ → γpi0pi0 [23]
and J/ψ → γKSKS [21]. However, the measured production rate of f2(2370) appears to
be substantially lower than the LQCD calculated value [15]. It is desirable to search for
more decay modes to establish and characterize the lowest tensor glueball.
The pseudoscalar mesons
The I = 0 JPC = 0−+ ground states are the η and the η′. Only radial excitations are
expected in the quark model for 0−+ states. The small number of expected pseudoscalars
in the quark model provide a clean and promising environment for the search of glueballs.
A striking observation is that there are two pseudoscalar states near 1.4 GeV/c2, the
η(1405) and the η(1475), listed in the PDG [5]. The η(1405) as a supernumerary state
was proposed to be the ground state pseudoscalar glueball candidate. However, the extra
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Figure 2.2: Intensities of individual JPC components from the model-independent fit in
the mass distribution of φφ from J/ψ → γφφ, comparing with the projection of the
model-dependent PWA fit from BESIII [25].
state appears to be relatively far from the expected mass of the pseudoscalar glueball
of 2 GeV/c2. This is known as the long standing “E-ι puzzle” [26]. BESIII reported
the first observation of the isospin-violating decay η(1405) → pi0f0(980) in J/ψ → γ3pi
[27], together with an anomalous lineshape of the f0(980), as shown in Fig. 2.3. The f0
mass, deduced from a Breit-Wigner fit to the mass spectra, is slightly shifted compared
to its nominal value, with a width of < 11.8 MeV (90% C.L.), much smaller than its
nominal value. The observed isospin violation is (17.9± 4.2)%, too large to be explained
by f0(980)-a0(980) mixing, also observed by BESIII [18, 19]. Based on this observation,
Wu et al. [28] suggest that a triangular singularity mixing ηpipi and K∗K¯ could be large
enough to account for the data. The splitting of η(1405) and η(1475) could also be due
to this triangle anomaly.
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Figure 2.3: (a) Invariant mass of f0(980)pi
0; (b) Invariant mass of pi+pi− with the pi+pi−pi0
(3pi0) mass in the η(1405) mass region, measured at BESIII [27].
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It is also crucial to examine carefully the existence of the η(1295), in order to nail down
the first excitation of η. Alternatively, the η(1295) could be explained as a misidentified
f1(1285).
The X(1835) observed in J/ψ → γη′pi+pi−, which will be discussed in Sec. 2.2.3, is
determined to have 0−+ quantum numbers. In the same reaction, two additional struc-
tures, the X(2120) and the X(2370), are observed. However, the spin-parity of these two
new structures are not yet determined. X(2370) is also observed in J/ψ → γη′KK¯. It is
crucial to explore other decay modes of X(2370) and establish its spin-parity.
Aside from the η(2225), very little is known in the pseudoscalar sector above 2 GeV/c2
where the lightest pseudoscalar glueball is expected to be by LQCD calculations. A PWA
of the decay J/ψ → γφφ [25] is performed in order to study the intermediate states.
The most remarkable feature of the PWA results is that 0−+ states are dominant. The
existence of the η(2225) is confirmed and two additional pseudoscalar states, η(2100) and
X(2500), are found.
Besides the radiative J/ψ decays, flavor filter reactions could also play an important
role in unraveling the quark content of the pseudoscalars (e.g., J/ψ → γX,X → γV
and J/ψ → V X, where V stands for ρ, ω, φ and X stands for the pseudoscalars).
η(1475) → γφ and X(1835) → γφ are observed in the decay of J/ψ → γγφ at BESIII
[29], which indicates that both η(1475) and X(1835) contain a sizeable ss¯ component.
2.2.2 Hybrids
Since the expected quantum numbers of low-lying glueballs are not exotic, they should
manifest themselves as additional states that cannot be accommodated within the qq¯
nonets. Their unambiguous identification is complicated by the fact that they can mix
when overlapping with qq¯ states of the same quantum numbers. An easy way to avoid
mixing with regular mesons are additional degrees of freedom leading to exotic quantum
numbers. Such degrees of freedom could arise from explicit gluonic contributions. Those
particles carry a special name and are called hybrids. In many models, some of the
hybrid mesons can have a unique signature, the already mentioned exotic (not allowed in
a simple qq¯ system) JPC quantum numbers. This signature simplifies the spectroscopy of
such exotic hybrid mesons because they do not mix with conventional qq¯ states. LQCD
calculations support the existence of exotic-quantum-number states within the meson
spectrum, independent of specific models. As shown in Fig. 2.4 [30], LQCD calculations
consistently show that the JPC = 1−+ nonet is the lightest hybrid.
Currently, there are three experimental candidates for a light 1−+ hybrid: the pi1(1400)
and the pi1(1600), observed in diffractive reactions and pN annihilation, and the pi1(2015),
seen only in diffraction. The pi1(1400) has only been observed in its decay into the piη
final state, and is generally considered too light to be a hybrid meson. Reviews like [2, 4]
provide a summary of the experimental studies.
An amplitude analysis of χc1 → ηpi+pi− or χc1 → η′pi+pi− was performed at
CLEO-c [32] and BESIII [33]. For these final states, the only allowed S-wave decay
of the χc1 goes through the spin-exotic 1
−+ wave, which then decays to η(′)pi. It turns
out that a significant contribution of an exotic 1−+ wave is needed to describe the data
in the η′pi+pi− channel, but not in the ηpi+pi− channel.
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Figure 2.4: Light-quark nonstrange meson spectrum resulting from LQCD [30], sorted by
the quantum numbers JPC . Note that these results have been obtained with an unphysical
pion mass, mpi = 396 MeV/c
2.
While there is evidence for the isovector member of the JPC = 1−+ nonet, we also
expect two isoscalar states (η1 and η
′
1 ), which are crucial to establish the nonet nature
of the pi1 states. However, there is still no experimental evidence for these two isoscalar
states. The gluon-rich radiative J/ψ decays may provide an ideal laboratory for the search
for such isoscalar 1−+ states. Model predictions for their decay modes are f1η, a1pi and
ηη′, etc [34–37].
2.2.3 Multiquarks
An early quark model prediction was the existence of multiquark states, specifical-
ly bound meson-antimeson molecular states. In the light quark sector the f0(980) and
a0(980) are considered to be strong candidates for KK¯ molecules. However, in general, it
is challenging to definitively identify a light multiquark state in an environment of many
broad and often overlapping conventional states.
Two generic types of multiquark states have been often discussed. Molecular states
are a loosely bound state of a pair of mesons near threshold. Tetraquarks are tightly
bound diquark-antidiquark states. A prediction of tetraquark models is that they come
in flavour multiplets. In addition, an enhancement near threshold may also arise from
threshold effects due to rescattering of the two outgoing mesons close to the threshold.
This could result in mass shifts due to the thresholds. Couple-channel effects result in
the mixing of two-meson states with qq¯ resonances.
In general, a multiquark state is expected to be broad since it can easily decay into
mesons and/or baryons when its mass is above the mass threshold for producing these
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hadrons. Multiquark states may only be experimentally observable when their masses
are near these mass thresholds either below or just above them; otherwise the multi-
quark states might be too wide to be experimentally distinguishable from non-resonant
background.
The state X(1835) was first observed by the BES experiment as a peak in J/ψ →
γη′pi+pi− decays [38]. This observation was later confirmed by BESIII [39]. The X(1835)
was also observed in the ηK0SK
0
S channel, where its spin-parity was determined to be
JP = 0− by a PWA [40]. An anomalously strong enhancement at the proton-antiproton
(pp¯) mass threshold, dubbed X(pp¯), was first observed by BES in J/ψ → γpp¯ decays [41];
this observation was confirmed by BESIII [42] and CLEO [43]. This enhancement was
subsequently determined to have spin-parity JP = 0− by BESIII [44]. Using a high-
statistics sample of J/ψ events, BESIII studied the J/ψ → γη′pi+pi− process and observed
a significant abrupt change in the slope of the η′pi+pi− invariant mass distribution at the
proton-antiproton (pp¯) mass threshold [45]. Two models are used to characterize the
η′pi+pi− line shape around 1.85 GeV/c2: one which explicitly incorporates the opening of
a decay threshold in the mass spectrum (Flatte´ formula) (Fig. 2.5(a)), and another which
is the coherent sum of two resonant amplitudes(Fig. 2.5 (b)). Both fits show almost equally
good agreement with data, and suggest the existence of either a broad state with strong
couplings to the final state pp¯ or a narrow state just below the pp¯ mass threshold. The
goodness-of-fit are equivalent for both fits. One supports the existence of a pp¯ molecule-
like state and the other a bound state with greater than 7σ significance. Further study
of the fine lineshape of X(1835) in other decay modes will provide conclusive information
on the nature of the state.
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Figure 2.5: An anomalous line shape of the η′pi+pi− mass spectrum near the pp¯ mass
threshold in J/ψ → γη′pi+pi−. (a) shows the fit results with a Flatte´ formula and (b)
shows the fit results with the coherent sum of two Breit-Wigner amplitudes
An analysis of J/ψ → pK−Λ¯ was performed at BES [46]. Enhancements both at the
pΛ¯ and the K−Λ¯ mass thresholds are observed. Further investigations in other decay
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modes and production mechanisms are needed to clarify the nature of those structures.
2.3 Baryon spectroscopy
Baryons are the basic building blocks of our world. Since baryons represent the sim-
plest system in which all the three colors of QCD neutralize into colorless objects, un-
derstanding the baryon structure is absolutely necessary before we claim that we really
understand QCD. Given many recent experimental results, our present understanding
of baryon spectroscopy is clearly incomplete. Many fundamental issues in baryon spec-
troscopy are still not well understood [47, 48]. Most important among them is the problem
of missing resonances: in quark models based on approximate flavor SU(3) symmetry it is
expected that resonances form multiplets; many excited states are predicted which have
not been observed (for a review see Ref. [49]). More recently, LQCD calculations [50]
have also predicted a similar pattern as quark models. The possibility of new, as yet
unappreciated, effective symmetries could be addressed with the accumulation of more
data. The new symmetries may not have obvious relation with QCD, just like nuclear
shell model and collective motion model.
In addition to baryons made of u and d quarks, the search for hyperon resonances
remains an important challenge. Some of the lowest excitation resonances have not yet
been experimentally established, which are necessary to establish the spectral pattern of
hyperon resonances.
Charmonium decays provide an excellent place to study excited nucleons and hy-
perons – N∗, Λ∗, Σ∗ and Ξ∗ resonances [51]. The corresponding Feynman graph for the
production of these excited nucleons and hyperons is shown in Fig. 2.6 where ψ represents
charmonium.
Figure 2.6: p¯N∗, Λ¯Λ∗, Σ¯Σ∗ and Ξ¯Ξ∗ production from e+e− collision through ψ meson.
Complementary to other facilities, the baryon program at BESIII has several advan-
tages [52]. For instance, piN and pipiN systems from ψ → N¯Npi and N¯Npipi processes have
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an isospin of 1/2 due to isospin conservation; ψ mesons decay to baryon-antibaryon pairs
through three or more gluons providing a favorable place for producing hybrid (qqqg)
baryons, and for searching for some “missing” N∗ resonances which have weak coupling
to both piN and γN , but stronger coupling to g3N . The phase space of ψ(3686) de-
cays is larger than that of J/ψ decays, thus having more potential to investigate higher
excitations of baryons and hyperons. In a PWA of ψ(3686) → pp¯pi0 [53], two new N∗
resonances N(2300) and N(2570) have been observed with JP assignments of 1/2+ and
5/2−, respectively.
Besides the high-statistics data samples of charmonium events, the large number of Λc
hadronic decays collected at BESIII provide a novel laboratory for studying light baryon
excitations.
2.4 BESIII amplitude analysis
The basic task of experimental study of hadron spectroscopy is to systematically map
out all the resonances with the determination of their properties like mass, width, spin-
parity as well as partial decay widths with high sensitivity and accuracy. Extracting
resonance properties from experimental data is however far from straightforward; reso-
nances tend to be broad and plentiful, leading to intricate interference patterns, or they
are buried under a background in the same and in other waves. The key to success lies
in high statistical precision complemented with sophisticated analysis methods. PWA or
amplitude analysis techniques are the state-of-the-art way to disentangle contributions
from individual, and even small, resonances and to determine their quantum numbers.
Multiparticle decays are usually modeled using the phenomenological approach of the
isobar model, which describes multiparticle final states by sequential two-body decays
into intermediate resonances (isobars), that eventually decay into the final state observed
in the experiment. Event-based fits allow one to take into account the full correlation
between final-state particles.
Facing the extremely high statistics at BESIII, the PWA fits will be computation-
ally very expensive. The pioneer approach of harnessing GPU parallel acceleration in
PWA was performed in the framework of BESIII [54]. The GPUPWA framework [55]
provides facilities for amplitude calculation, minimization and plotting and is widely used
for analyses at BESIII. A high performance computing cluster has been established in
the computing center at IHEP, which is equipped with hundreds of GPUs. In addition,
for baryon spectroscopy analyses, the amplitudes can be extremely complicated. FDC-
PWA, a package for automatic Feynman diagram calculation, has been extensively used
to generate a complete set of Fortran source code for PWA amplitudes.
One notoriously difficult problem is the parameterization of the dynamical proper-
ties of resonances, especially for those resonances related to thresholds. Coupled-channel
analyses are mandatory to extract the partial width and other pole properties. The cor-
rect analytical properties of the amplitude are essential for an extrapolation from the
experimental data into the complex plane in order to determine the pole positions. The
proper implementation of dynamical function in PWA requires cooperation between the-
orists and experimentalists. In the PWA of J/ψ → γpi0pi0 [23], J/ψ → γKSKS [21] and
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J/ψ → γφφ [25], the results of mass-independent amplitude analysis are provided, which
extract a piecewise function that describes the dynamics of the two-body meson system
while making minimal assumptions about the properties and number of poles in the am-
plitude. Such a model-independent description allows the experiment-theory cooperation
to develop phenomenological models, which can then be used to fit experimental data in
the future. Global studies in different reactions and kinematics across experiments are
also needed to clarify the underlying production mechanisms.
2.5 Other physics opportunities
2.5.1 Light meson decays
Light meson decays are an important tool for studies of the strong interaction in the
non-perturbative region and for determination of some SM parameters. As the neutral
members of the ground state pseudoscalar nonet, both η and η′ play an important role
in understanding low energy quantum chromodynamics (QCD). Decays of the η/η′ probe
a wide variety of physics issues, e.g., pi0 − η mixing, light quark masses and pion-pion
scattering. In particular the η′ meson, much heavier than the Goldstone bosons of broken
chiral symmetry, plays a special role as the predominant singlet state arising from the
strong axial U(1) anomaly. In addition, the decays of both η and η′ mesons are used to
search for processes beyond the Standard Model (SM) and to test fundamental discrete
symmetries.
The main decays of the η/η′ mesons are hadronic and radiative. Alternatively, one
can divide the decays into the two following classes. The first class consists of hadronic
decays into three pseudoscalar mesons, such as η′ → ηpipi. Those processes are already
included in the lowest order, O(p2), of chiral perturbation theory (ChPT) [61]. The second
class includes anomalous processes involving an odd number of pseudoscalar mesons, such
as η′ → ρ0γ and η′ → pi+pi−pi+pi−. They are driven by the “Wess-Zumino-Witten”
(WZW) term [62, 63] which enters at order O(p4) order [64]. The dynamics of η′ decays
remains a subject of extensive studies aiming at precision tests of ChPT in the SUL(3)×
SUR(3) sector (i.e., involving an s quark). Model-dependent approaches for describing
low-energy meson interactions, such as vector meson dominance (VMD) [65, 66], and the
large number of colors, NC , extensions of ChPT [67], together with dispersive methods,
could be extensively tested in η′ decays.
Due to the high production rate of light mesons in charmonium (e.g., J/ψ) decays, the
BESIII experiment also offers a unique possibility to investigate the light meson decays.
The decays of J/ψ → γη(η′) and J/ψ → φη(η′) provide clean and efficient sources of η/η′
mesons for the decay studies. During several run periods from 2009 to 2019, a total data
sample of 1010 J/psi events was collected with the BESIII detector [68, 69]. In recent
years much important progress on η/η′ decays was achieved at the BESIII experiment. In
addition to the improved accuracy of the branching fractions of η′, observations of new η′
decay modes, including η′ → ρ∓pi± [70] and η′ → γe+e− [71], η′ → pi+pi−pi+pi−, and η′ →
pi+pi−pi0pi0 [72], have been reported for the first time. The precision of the η′ → pi+pi−γ
M(pi+pi−) distribution from BESIII [73] with clear ρ0−ω interference is comparable to the
e+e− → pi+pi− data and allows comparison of these two reactions in both model-dependent
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Table 2.2: The available η/η′ decays calculated with the expected 1 × 1010 J/ψ events
at BESIII.
Decay Mode B (×10−4) [5] η/η′ events
J/ψ → γη′ 51.5± 1.6 5.2× 107
J/ψ → γη 11.04± 0.34 1.1× 107
J/ψ → φη′ 7.5± 0.8 7.5× 106
J/ψ → φη 4.5± 0.5 4.5× 106
J/ψ → ωη 17.4± 2.0 1.7× 107
J/ψ → ωη′ 1.82± 0.21 1.8× 106
and model-independent ways. In particular a competitive extraction of the ω → pi+pi−
branching fraction is possible. It is found that an extra contribution is necessary to
describe the data besides the contributions from ρ0(770) and ω.
Despite the impressive progress, many η/η′ decays are still to be observed and explored.
With a sample of 1010 J/ψ events collected, the available η and η′ events from radiative
decays of J/ψ → γη, γη′, and hadronic decays of J/ψ → φ(ω)η, φ(ω)η′, are summarized
in Table 2.2, making further more detailed η/η′ studies possible. A list of the specific
decay channels where the new data are expected to have an important impact is shown
in Table 2.3.
Table 2.3: A few topics for the η and η′ programs.
η decay mode physics highlight η′ mode physics highlight
η → pi02γ ChPT η′ → pipi CPV
η → γB leptophobic dark boson η′ → 2γ chiral anomaly
η → 3pi0 mu −md η′ → γpipi box anomaly, form factor
η → pi+pi−pi0 mu −md, CV η′ → pi+pi−pi0 mu −md, CV
η → 3γ CPV η′ → pi0pi0η cusp effect
In addition, the high production rate of ω in J/ψ hadronic decays, e.g., B(J/ψ →
ωη) = (1.74±0.20)×10−3 [5], allows one to select a clean sample of 1.7×107 events, which
offers a unique opportunity to test the theoretical calculations [74–76] by investigating
the Dalitz plot of ω → pi+pi−pi0.
2.5.2 Two photon physics
Production of resonances by two-photon fusion, as well as decays of resonances into two
photons, provide important information on hadron structure. The anomalous magnetic
moment of the muon αµ ≡ (g − 2)µ/2 is a precision observable of the Standard Model.
The accuracy of the SM prediction of (g − 2)µ is currently limited by the knowledge of
the hadronic light-by-light contribution. Not only contributing to the (g − 2)µ studies,
the two-photon width can be used to identify non-qq¯ states, because γγ decay of non-qq¯
mesons like glueballs, hybrids, multiquark objects, or mesonic molecules is expected to
be suppressed in various models. BESIII offers some good opportunities for precision
2.6. PROSPECTS 29
measurements of the production of low-mass hadronic systems in two-photon collisions
with the two-photon invariant mass region accessible up to 3 GeV/c2.
2.6 Prospects
Although years of continuous experimental efforts have been made to search for QCD
exotic hadrons beyond quark model, no compelling evidence has been unambiguously es-
tablished yet. The experimental search for QCD exotics (glueballs, hybrids, multiquarks)
continues to be an exciting problem, which is limited by the current data. Recent progress
in LQCD reaffirms the existence of glueballs and hybrids. Other LQCD calculations indi-
cate that radiative J/ψ decays are a promising hunting ground for glueballs. BESIII will
continue playing a leading role in this search.
High precision data and systematic studies with various production mechanisms and
decay modes are needed to determine resonance properties. The primary requirement
for the data taking of light hadron program at BESIII is to have sufficient high-statistics
J/ψ events for the systematic study of glueballs. The pseudoscalar glueball is clearly the
main focus of research with its production rate in radiative J/ψ decays predicted to be
O(10−4) by LQCD. A major difficulty for the identification of glueballs is the lack of first-
principle theoretical predictions of glueball couplings and decay rates. Due to the ”flavour-
blindness” of gluons, there will be no dominant decay mode of a glueball. The decay rate
of a glueball into a certain final state may be estimated to be at the level of O(10−3) ∼
O(10−2) in analogy to ηc or χc0,2 decays. But mixing with ordinary mesons complicates
the situation in the light-quark mass range. The detection efficiency of a typical decay
mode of a pseudoscalar glueball is estimated to be a few percent from simulation studies.
Recently, a new decay mode of X(2370) has been observed in the spectrum of η′KK¯ of
J/ψ → γη′KK¯. We performed a feasibility study for determination of the spin-parity
of X(2370). The neutral channel J/ψ → γη′K0SK0S provides a clean environment to
perform the amplitude analysis as it does not suffer from significant backgrounds such as
J/ψ → pi0η′K0SK0S , which are present in the charged channel J/ψ → pi0η′K+K−. MC
samples with statistics equivalent to current data and 10 billions of J/ψ are generated
with a certain set of amplitude parameters. Amplitude analyses have been performed to
the MC samples with various hypothesis. Table 2.4 shows that the spin-parity of X(2370)
can be unambiguously determined with higher statistics of data. BESIII accumulated 10
billion J/ψ events, which are mandatory for mapping out the spectrum of light hadrons in
J/ψ decays. In addition, ψ(3686) decays have larger phase space for studying mesons and
baryons with higher mass, even though the production rates of light hadrons are typically
suppressed with respect to J/ψ. ηc and χc events from ψ(3686) decays can also provide
an opportunity for investigating QCD exotics. Currently, BESIII collected 450 million of
ψ(3686) events. The light hadron physics program can be benefit from the high statistics
ψ(3686) data set for the charmonium program in the future.
In exploratory physics program for a future high luminosity τ -charm experiment, elec-
tromagnetic couplings to glueball candidates and their form factors can be further ex-
tracted with higher accuracy, which are critical in understanding the nature of glueballs.
High-statistics charmonium decays also provide an opportunity for investigating low-lying
30 CHAPTER 2. LIGHT HADRON PHYSICS
Table 2.4: A feasibility study for determination of the spin-parity of X(2370) in amplitude
analysis of J/ψ → γη′K0SK0S. The significance is obtained by comparing the likelihoods
of amplitude analyses with different spin-parity hypothesis of X(2370).
current statistics expected statistics
(1.3 billions of J/ψ) (10 billions of J/ψ)
significance for 0−+
assignment of X(2370) 3.2σ 13.2σ
exotic hybrid nonets. In future, the available high-statistics light-meson events from de-
cays can be used not only for some precision measurements of QCD at low energy, but
also for probing physics beyond the SM.
In the next few years, many experiments (COMPASS, BESIII, etc.) will continue to be
active, while a number of new experiments (GlueX, Belle II, PANDA, etc.) appear on the
horizon. Definitive conclusions on the nature of confinement will need complementary
studies with these experiments. Key features of these experiments are high statistics
and high sensitivity to explore hadron spectroscopy. COMPASS [78] has comprehensively
studied aJ and piJ -like mesons up to masses of 2 GeV/c
2 in diffractive scattering of hadron
beams. GlueX [79] is designed to search for and measure the spectrum of light-mass
hybrid mesons. It begun its physics run in 2017 and will start a high luminosity run with
an updated detector in 2019. An important advantage of this experiment is the use of
polarized photons, which simplifies the initial states and production process. PANDA [80]
is designed for high-precision studies of the hadron spectrum at cms energies between
2.3 and 5.5 GeV. It is scheduled to start data taking with full setup in 2026. In pp
annihilations, spin-exotic states (e.g., oddballs) can be produced. Belle II [64] will start
collecting data in 2019, and will accumulate 50 ab−1 data at the Υ (4S) peak by 2027.
Although not its primary goal as a next generation flavour factory, Belle II can also
explore the light quark sector using the two-photon process, because a glueball should
have suppressed couplings to γγ. Hadronic decays of heavy hadrons may also serve as a
well-defined source for light mesons. BESIII remains unique for studying and searching
for QCD exotics and new excited baryons, as its high-statistics data sets of charmonia
provide a gluon rich environment with clearly defined initial and final state properties.
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Chapter 3
Charmonium Physics
3.1 Introduction
Heavy quarkonia are frequently referred to as the “positronium of QCD” [1] due to con-
sistent, one-to-one correspondence of the level schemes that reflect Coulomb-like interac-
tions at small distances. Within the BESIII energy range, charmonium states both below
and above the open charm threshold are accessible (Figs. 3.1 and 3.2). The spectrum of
charmonium states with masses below the open charm threshold has been well-established
for several decades. These states can therefore be used to precisely test predictions based
on various theoretical techniques, ranging from models (like the quark model) to approx-
imations of QCD (like non-relativistic QCD, described below) to numerical calculations
of the full QCD Lagrangian (i.e., LQCD). The fact that the energy scales range from
the charmonium mass to ΛQCD in charmonium processes make them a rich laboratory to
probe both perturbative and non-perturbative QCD.
The relative simplicity of the lowest-lying (least massive) charmonium states allows for
precision tests of QCD and QCD-inspired models in a region where both non-perturbative
and perturbative aspects of QCD play a role. The higher-mass states, on the other hand,
pose serious challenges even to our qualitative understanding of mesons. Several of these
states provide potential evidence for a wealth of exotic configurations of quarks and gluons,
including: tetraquark states (two quarks and two antiquarks), hadronic molecules (two
hadrons), hybrid mesons (a quark and antiquark with an excited gluonic field), and so
on.
The charmonium group studies both of these regions of the charmonium spectrum,
providing a unique and important look at the dynamics of strong force physics. These
studies include: searching for new charmonium states, determining the internal structure
of previously established charmonium states, measuring masses and widths, precisely
measuring transitions (both radiative and hadronic) between charmonium states, and
finding new decay channels. The capabilities of the BESIII experiment are uniquely
suited to the study of both light and heavy charmonium states. The lighter charmonium
states are primarily studied using large and clean samples of ψ(3686) (i.e., ψ(2S) or ψ′)
decays; the heavy charmonium states are produced using higher-energy collisions, where
exotic charmonium states are either produced directly or through the decays of other
states.
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As noted above, the spectrum of states above open charm threshold (Figs. 3.1 and 3.2)
are clearly quite convoluted. The past decade has seen the discovery of a large number
of new states that are yet to be satisfactorily understood. These states have been named
“X”, “Y ”, and “Z” since their internal structure is still unclear§. One thing is clear:
these new states cannot all be conventional bound states of a charm quark and antiquark.
They are likely evidence for more exotic configurations of quarks and gluons (such as
tetraquarks, meson molecules, or hybrid mesons, etc.). Their existence therefore provides
a crucial opportunity to study the dynamics of quarks and gluons in a new environment.
At BESIII, the accessible e+e− cms energies allow us to directly produce a large number
of these states, which in turn allows us to measure their masses, widths, and decay
modes. The effort to understand these new states (which we refer to as “XY Z physics”)
is described further in Sec. 3.3.
Future studies of the charmonium system, both above and below open-charm thresh-
old, will require additional data sets. These requirements will be detailed throughout this
chapter and summarized in Sec. 3.4. For further studies of charmonium below open-charm
threshold, around 3 billion ψ(3686) decays are required, representing about an order-of-
magnitude increase in statistics over the current sample of about 450 million ψ(3686)
decays. Above open-charm threshold, we require three types of additional data samples:
(1) a large number of additional data samples, each with an integrated luminosity of ap-
proximately 500 pb−1 and spread over a variety of cms energies, in order to study the
spectrum of the Y states and to study the evolution of the Z states; (2) a small number
of larger data samples, each composed of approximately 5 fb−1, to do detailed studies
of the Z states; and (3) samples of higher-energy data to explore the poorly established
mass region above 4.6 GeV/c2, where mysterious peaks in the Λ+c Λ¯
−
c [3] and pi
+pi−ψ(2S)
cross sections [4] have been observed.
§ The “Y ” states usually have JPC = 1−−; the “Z” states are electrically charged; and the “X” states
are the remainder. Note that the naming scheme is revised in the latest edition of the Review of Particle
Physics by PDG [2], but we use the older scheme in this White Paper for consistency.
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Figure 3.1: The charmonium spectrum. Yellow boxes denote states predicted by the
quark model [5] that have already been discovered; gray boxes are for predicted states
that have not yet been discovered; and the red boxes are for states that were unexpectedly
discovered – likely pointing towards the existence of exotic hadrons. All of these states
have been studied at BESIII. A few of the key transitions studied at BESIII are indicated
by black arrows.
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Figure 3. Charmonium spectrum up to around 4.5GeV labelled by JPC ; the left (right) panel
shows the negative (positive) parity states. Green, red and blue boxes are the masses computed on
our Mπ ∼ 240MeV ensemble while black boxes are experimental values from the PDG summary
tables [1]. As discussed in the text, we show the calculated (experimental) masses with the calculated
(experimental) ηc mass subtracted. The vertical size of the boxes represents the one-sigma statistical
(or experimental) uncertainty on either side of the mean. Red and blue boxes correspond to states
identified as hybrid mesons grouped into, respectively, the lightest and first-excited supermultiplet,
as described in the text. Dashed lines show the location of some of the lower thresholds for strong
decay using computed (coarse green dashing) and experimental (fine grey dashing) masses.
large overlaps onto operators that are proportional to the spatial components of the field
strength tensor, Fij (i.e. operators that have a non-trivial gluonic structure), something not
seen for the other states in the spectrum. Furthermore, on removing operators proportional
to Fij from the variational basis we generally observe a reduction in the quality of the signal
for these states. We therefore follow refs. [21, 22] and interpret these excess states as hybrid
mesons.
As discussed in detail in ref. [22], the hybrid states can be grouped into supermultiplets.
We find that the set [(0−+, 1−+, 2−+), 1−−], highlighted in red in figure 3, forms the lightest
charmonium hybrid supermultiplet, while the states highlighted in blue, (0++, 1++, 2++),
(0+−, 1+−, 1+−, 1+−, 2+−, 2+−, 3+−), form the first excited hybrid supermultiplet. These
patterns are consistent with a quark-antiquark pair coupled to a 1+− gluonic excitation;
the lightest hybrid supermutiplet has the quark-antiquark pair in S-wave and the first
excited hybrid supermultiplet has it in P -wave. The lightest hybrids appear ∼ 1.2–1.3GeV
above the lightest S-wave meson multiplet. This pattern of hybrids and their energy scale
– 7 –
Figure 3.2: The charmonium and hybrid spectrum. Green boxes represent masses
of charmonium stat s calculated by lattic QCD w th Mpi ∼ 240 MeV [6]; red nd blue
boxes represent the lightest and first-excited hybrid states; black boxes are world averaged
experimental results in 2015 [7]; dashed lines show the location of some lower thresholds
for strong decay from computing (coarse green) or experiments (fine grey). The states
are labeled with their quantum numbers JPC and their masses are shown with ηc mass
subtracted. The vertical size of the boxes denot th standard uncertainty.
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3.2 Charmonium States Below Open Charm
Threshold
The goal of BESIII studies of charmonium states below the open charm threshold is
to investigate the spectroscopy, transitions, and decays of charmonium states by mainly
analyzing (but not limited to) the ψ(3686) data. The ψ(3686) data is especially well
suited for the study of charmonium states due to many transitions between the ψ(3686)
and lower-lying states. Thus, starting with a sample of ψ(3686) data, one gains access
to most of the charmonium states below open-charm threshold. Figure 3.3 shows the
low-lying charmonium (cc¯) spectrum and some of the commonly observed transitions.
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Figure 3.3: The low-lying charmonium (cc¯) spectrum and some observed transitions.
3.2.1 The Theoretical Framework
The charmonium meson system is an ideal, and to some extent unique, laboratory to
investigate the boundary between perturbative and non-perturbative QCD in a controlled
environment. Since reliable calculations of non-perturbative QCD are still difficult, several
phenomenological models and effective theories have been proposed. These models and
calculational techniques can be tested and further developed using the phenomenology
of charmonium states. For example, non-relativistic QCD (NRQCD) [8–10], expressed
as a Pauli two-component field theory, can be constructed in correspondence with the
hierarchy of energy scales in charmonium. NRQCD can be regarded as an effective theory
that expands full QCD in powers of v, where v is the relative velocity between the c and
c¯ quarks.
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According to potential model calculations and lattice simulations, v2 ∼ 0.3 in the
charmonium system [11]. For small v, multitude energy scales are observed as the hard
mc, soft mcv, and ultra-soft mcv
2, respectively. The effects at energy scale mc can be inte-
grated out explicitly. The resultant theory, NRQCD, reduced in the number of dynamical
degrees of freedom, is simpler than full QCD, and it turns out to be very useful in calculat-
ing charmonium-relevant processes such as inclusive production, and annihilation decays
and spectroscopy. Starting from NRQCD one can obtain the effective theory potential
NRQCD (pNRQCD) [12–14] by integrating out the scale mcv. Here the role of potentials
and the quantum mechanical nature of the problem can be reduced to the zeroth order
Schro¨dinger equation for the two heavy quarks. These effective field theories, as well as
potential models and LQCD, make it possible to calculate a wide range of charmonium
observables in a controlled and systematic way, therefore allowing an investigation of one
of the most elusive sectors of the SM: low-energy QCD.
These charmonium observables can be taken from spectroscopy (e.g., masses and
widths), transitions (e.g., transition rates), leptonic and electromagnetic decays, radiative
decays, hadronic decays, rare and forbidden decays, and some miscellaneous topics such
as Bell inequalities in high energy physics and special topics in BB¯ final states, where B
refers to baryon. BESIII is well suited to address the remaining experimental questions
that are related to the low-mass, i.e. below open-charm threshold, charmonium spectrum,
such as precise determinations of the mass and width of the ηc, hc, and η
′
c. The QCD
multipole expansion (QCDME) [15, 16] is a feasible approach to charmonium hadronic
transitions. Its results can be examined via observations at BESIII such as pipi transitions
of S-Wave (P -Wave or D-Wave) charmonium states, the η transition ψ(3686) → ηJ/ψ,
and iso-spin violating pi0 transition ψ(3686)→ pi0hc. Many radiative transition channels,
including E1 (electric dipole) and M1 (magnetic dipole) transitions, can be investigated
with the BESIII ψ(3686) data sample using the cascade transition chain. Other EM relat-
ed processes, such as charmonium leptonic and EM decays, can also be studied at BESIII.
In addition, studies of the hadronic decays will shed light on the ρ − pi puzzle [17] and
reveal the inertial structure and decay dynamics of charmonium states. The baryonic de-
cays are a special topic since the structure of baryons is comparatively more complicated
than that of mesons. BESIII can investigate the baryonic decays via two-body, three-
body, multi-body, and semi-inclusive modes. With a large ψ(3686) data sample, BESIII
can also search for rare and forbidden charmonium decays to explore some interesting
topics such as CP violation or lepton flavor violation.
With the theory tools and the impressive number of collected charmonium states,
BESIII will make a difference in this field allowing to carry on important investigation
within the SM and beyond it.
3.2.2 Results with the Current ψ(3686) Data Set
BESIII has so far collected a total of 447 million ψ(3686) decays (including 106 million
in 2009 and 341 million in 2012). These data samples have led to the publication of more
than 30 papers. Some of the most important of these are as follows:
1. Measurements of the hc in ψ(3686) decays [18]. Clear signals are observed for
ψ(3686) → pi0hc with and without the subsequent radiative decay hc → γηc. In
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addition, first measurements of the absolute branching ratios B(ψ(3686)→ pi0hc) =
(8.4 ± 1.3 ± 1.0) × 10−4 and B(hc → γηc) = (54.3 ± 6.7 ± 5.2)% are presented.
Figure 3.4 shows the recoil mass of the pi0 with or without the subsequent radiative
decay hc → γηc.
2. Observation of χc1 decays into vector meson pairs [19]. The first measurements
of decays of χc1 to vector meson pairs (V V ) φφ, ωω, and ωφ are presented. The
branching fractions are measured to be (4.4± 0.3± 0.5)× 10−4, (6.0± 0.3± 0.7)×
10−4, and (2.2 ± 0.6 ± 0.2) × 10−5, for χc1 → φφ, ωω, and ωφ, respectively, which
indicates that the hadron helicity selection rule is significantly violated in χcJ decays.
Figure 3.5 shows the invariant mass spectra of V V in different final states.
3. Measurement of the mass and width of the ηc using ψ(3686) → γηc [20]. A nov-
el model that incorporates full interference between the signal reaction, ψ(3686)→
γηc, and a nonresonant radiative background is used to successfully describe the line
shape of the ηc. The ηc mass is measured to be 2984.3± 0.6± 0.6 MeV/c2 and the
total width to be 32.0±1.2±1.0 MeV. Figure 3.6 shows the invariant mass distribu-
tions for the decays KSK
+pi−, K+K−pi0, ηpi+pi−, KSK+pi+pi−pi−, K+K−pi+pi−pi0,
and 3(pi+pi−), respectively, with the fit results (for the constructive solution) super-
imposed.
4. First observation of the M1 transition between the radially excited charmonium
S-wave spin-triplet and the radially excited S-wave spin-singlet states: ψ(3686)→
γηc(2S) [21]. Analyses of the processes ψ(3686)→ γηc(2S) with ηc(2S)→ K0SK±pi∓
and K+K−pi0 give an ηc(2S) signal with a statistical significance of greater than
10 standard deviations under a wide range of assumptions about the signal and
background properties. The product branching fraction B (ψ(3686)→ γηc(2S)) ×
B (ηc(2S)→ KK¯pi) is measured to be (1.30± 0.20± 0.30)× 10−5. Figure 3.7 shows
the invariant mass spectrum for K0SK
±pi∓, and the simultaneous likelihood fit to
the three resonances and combined background sources.
5. Observation of the hc radiative decay hc → γη′ [22]. Events from the reaction
channels hc → γη′ and γη are observed with a statistical significance of 8.4σ and
4.0σ, respectively, for the first time. The branching fractions for hc → γη′ and
hc → γη are measured to be B(hc → γη′) = (1.52 ± 0.27 ± 0.29) × 10−3 and
B(hc → γη) = (4.7± 1.5± 1.4)× 10−4, respectively. Figure 3.8 shows the results of
the simultaneous fits to the invariant mass distributions of M(γη′) and M(γη) for
data.
The above list represents only part of the important results from the BESIII ψ(3686) data
set; more results can be found in the BESIII publication page [23].
3.2.3 Prospects for the Charmonium Program
We continue to explore important physics topics via charmonium decays. A few of
these include: searches for new decay modes of the hc, measurements of M1 transition
processes and properties of the associated charmonium states (an M1 transition working
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Figure 3.4: Measurements of the hc in ψ(3686) decays. (a) The pi
0 recoil-mass spectrum
and fit for the E1-tagged analysis of ψ(3686) → pi0hc, hc → γηc. (b) The pi0 recoil-mass
spectrum and fit for the inclusive analysis of ψ(3686) → pi0hc. Fits are shown as solid
lines, background as dashed lines. The insets show the background-subtracted spectra.
Figure 3.5: Observation of χc1 decays into vector meson pairs. Invariant mass spectra of
V V for (a) φφmode in the γ2(K+K−) final state, (b) φφmode in the γpi+pi−pi0K+K− final
state, (c) ωω mode in the γ2(pi+pi−pi0) final state, and (d) ωφ mode in the γpi+pi−pi0K+K−
final state.
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Figure 3.6: Measurement of mass and width of the ηc using ψ(3686) → γηc. The in-
variant mass distributions for the decays KSK
+pi−, K+K−pi0, ηpi+pi−, KSK+pi+pi−pi−,
K+K−pi+pi−pi0, and 3(pi+pi−), respectively, with the fit results (for the constructive solu-
tion) superimposed.
Figure 3.7: First observation of the M1 transition ψ(3686) → γηc(2S). The invariant-
mass spectrum for K0SK
±pi∓, and the simultaneous likelihood fit to the three resonances
and combined background sources.
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Figure 3.8: Observation of hc radiative decay hc → γη′. Results of the simultaneous
fits to the two invariant mass distributions of (top) M(γη′) and (below) M(γη) for data.
(a) M(γη′) distribution for hc → γη′(η′ → pi+pi−η). (b) M(γη′) distribution for hc →
γη′(η′ → γpi+pi−). (c) M(γη) distribution for hc → γη(η → γγ). (d) M(γη) distribution
for hc → γη(η → pi+pi−pi0).
group has been formed), and systematic analyses of baryon final states. For many chan-
nels with larger statistics, amplitude analyses are being applied to extract more physics
information. With more ψ(3686) data, we can search for more decay modes of the ηc,
ηc(2S) and hc, give more precise measurements of the masses and widths of the ηc, ηc(2S)
and hc (and better understand the line-shapes associated with their productions), per-
form partial-wave analysis (PWA) on more channels, and so on. Among these topics,
some important measurements may require more ψ(3686) data in order to achieve the
desired precision.
For hc → hadrons, at present only three channels are observed and the sum of their
branching fractions is only about 1.5% [24]. Many more hadronic decay modes are ex-
pected and will be searched for at BESIII. If we expect a 5σ significant observation of a hc
decay channel with the branching fraction of 5×10−4, a 2×109 ψ(3686) sample is needed
with the assumption that this channel is produced via the ψ(3686) → pi0hc transition,
with 10% efficiency for the detection of the final states, and a similar background level to
the pi+pi−pi0 channel. With this data sample, hc hadronic transitions such as the spin-flip
transition hc → pi+pi−J/ψ and its radiative decays can also be searched for.
Compared with E1 transitions, the rates for M1 transitions between charmonium
states are much lower. With the previously collected ψ(3686) data sample, the first ob-
servation of the M1 transition ψ(3686) → γηc(2S) has been reported by BESIII [21].
However, in order to understand more about the ηc(2S) and measure its mass, width,
and decays more precisely, more ψ(3686) data is necessary. For example, for the obser-
vation of the ηc(2S) decaying into some channel with the production branching fraction
B (ψ(3686)→ γηc(2S))×B (ηc(2S)→ KSK3pi) of about 5× 10−6, a 109 ψ(3686) sample
is needed with the assumption that the detection efficiency is about 5%, where the low
efficiency and high background levels are due to the softness of the transition photon.
With this large sample, we could also study the ηc charmonium state via M1 transition
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to improve the precision of B(ψ(3686) → γηc) and its comparison with theoretical pre-
dictions. A measurement of B(ψ(3686)→ γηc(2S)) could be used to extract the absolute
branching fractions for some specific ηc(2S) decays. There are other radiative transitions
such as ηc(2S) → γJ/ψ, ηc(2S) → γhc, χc2 → γhc, and hc → γχc0,1 that are challenges
for BESIII even with 109 ψ(3686) data sample because of low decay rates or difficulty in
detecting the soft photon, but these rates can be calculated in the potential model [1] and
experimental searches are therefore important.
In addition to the radiative transitions, hadronic transitions are also very important
and can be calculated better than the hadronic decays of charmonia. It is interesting to
observe or find evidence for some hadronic transitions such as the spin-flip χc1 → pipiηc
and hc → pipiJ/ψ, for which only upper limits have been set at present. We have estimated
the needed statistics to see evidence for the transition χc1 → pi+pi−ηc and found that at
least 109 ψ(3686) events are needed according to the previous BESIII results [26]. Note
that in Ref. [26] only two ηc hadronic decay channels were used. If more decay modes
were included, a smaller data set could satisfy the requirement. To uncover evidence
for hc → pipiJ/ψ, at least a sample of 2 × 109 ψ(3686) decays will be needed with the
assumption that there is no background. There are other hadronic transitions such as
ψ(3686) → ηJ/ψ and ψ(3686) → pi0J/ψ, that have been observed with the present
BESIII ψ(3686) data sample but will be improved with a larger one.
Besides transitions between charmonium states, there are also decays of charmonia
that should be measured. Both radiative decays and hadronic decays of the charmonium
states should be studied for a better understanding of charmonium decay dynamics. From
Ref. [27], the typical branching fractions of χcJ → γV , where V represents a vector
resonance, is about 10−6. This means a 109 ψ(3686) data sample would be needed to
observe the signal if we assume the intermediate product branching fractions are 80% and
the selection efficiency is 30%. Since the branching fractions for ηc → γV are expected to
be similar to ηc → γγ, they should be at the 10−4 level. And the improved measurement
of ηc → γγ will shed light on the effects of higher order QCD corrections as well as
provide validation of the decoupling of the hard and soft contributions in the NRQCD
framework due to its simplicity [28, 29]. With the present ψ(3686) data sample at BESIII,
the processes ψ(3686) → γpi0 and γη have been observed for the first time [30]. There
are also many studies of J/ψ and ψ(3686) decays into γpp¯, γK+K−, γpi+pi−, etc. With a
larger ψ(3686) data sample, all of these measurements will be improved.
More and better measurements of ψ(3686) hadronic decays are crucial to help solve
the long standing ρ-pi puzzle [17]. The ratio of the branching fractions of J/ψ and ψ(3686)
is expected to hold in a reasonably good degree to 12%, based on pQCD, for both in-
clusive and exclusive decays. But this relation is observed severely violated for the ρpi
and several other decay channels. From already obtained BESIII results, it has become
more clear that kinematic effects, which have been previously ignored, might contribute
significantly and the amplitude analysis method might also be necessary to clarify the
different dynamic processes between the J/ψ and ψ(3686). For charmonium states be-
yond the open-charm threshold, the studies of their decays to open-charm states will not
only provide information of the decay mechanism, but also serve for the spectroscopy
study. Furthermore, it is interesting to study the non-DD¯ decays of ψ(3770), such as
ψ(3770)→ pp¯, pp¯pi0, γηc, γχcJ , γηc(2S), and pi+pi−J/ψ. These can be studied using data
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Table 3.1: Some tentative measurements and correspondingly required statistic of ψ(3686)
sample to achieve the desired precision. The observation and evidence are corresponding
to 5σ and 3σ significance of the signal, that is usually the invariant mass of the decayed
resonance.
Measurement Expected precision Needed ψ(3686) sample in 109
hc → hadrons Observation of 5× 10−4 2
ηc(2S)→ X Observation of 1× 10−6 5
χc1 → pi+pi−ηc Evidence of 3× 10−3 > 1
hc → pi+pi−J/ψ Evidence of 2× 10−3 > 2
χcJ → γV Observation of 1× 10−6 1
hc → pp¯ Evidence of 2× 10−4 > 2
collected on and around the ψ(3770) peak.
The two-body baryonic decays of the χcJ can provide information on color-singlet
and color-octet contributions. In addition, systematical studies of two-body baryonic
decays of the J/ψ and ψ(3686) will shed light on the relative angle and magnitude of
the electro-magnetic and strong interaction amplitudes [31]. The ηc(2S) and hc decaying
into pp¯ have been searched for based on 1 × 108 ψ(3686) decay sample at BESII and no
obvious signal has been observed [32]. To find evidences for both of them, a data sample
of 2 × 109 ψ(3686) decays will be required under the assumption that the efficiency is
about 40% and there is no background. Also, the similar data size is needed to study
the Bell inequality [33], SU(3) flavor symmetry [34], CP violation [35, 36]. Measurement
of three-body baryonic decays of higher excited charmonia will provide more information
for excited baryonic states, where amplitude analysis will be required.
Some rare decays can be searched for with larger ψ(3686) data samples such as the
C-violating process J/ψ → γγ via ψ(3686) → pipiJ/ψ. This has been discussed in the
new physics part.
For the excited conventional charmonium states beyond the open-charm threshold
there are still many unsolved puzzles. There are only four 1−− states between 4.0 and 4.6
GeV predicted by potential models, but the number of observed vector resonances is larger
than that. The masses and partial widths of these states decaying into e+e− (Γee) can
be calculated via potential models assuming they are conventional charmonia. However,
strong coupling to open-charm meson pairs and relativistic corrections significantly change
both the spectrum and Γee. Better measurements would be very helpful to clarify the
situation. BESIII has observed the ψ(13D2) state X(3823) via its decay into γχc1 [37],
but many predicted states, such as 1F , 3S, 2D, 1G, 3P , 2F , 4S, 3D and 2G have not been
observed yet. The characteristics of the excited conventional charmonia will be studied
with the data sets collected for XY Z states.
BESIII has already collected scan samples around the J/ψ, ψ(3686), and ψ(3770)
peaks, as well as those above 4.0 GeV. These samples are dedicated to some specific
problems that we can do the best in the world, such as determinations of the resonance
parameters, line shapes, interference between strong and EM amplitudes in resonance
decay, etc.
Some tentative measurements and their correspondingly needed ψ(3686) sample are
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listed in Table 3.1. From this table a 3× 109 ψ(3686) sample may be proper to guarantee
the expected precision and lead us to some exciting discoveries. But at present we consider
the XY Z physics with higher priority, so we prefer to take the ψ(3686) data only after
finishing the XY Z proposal.
3.3 XY Z Physics
The discovery of the XY Z states has opened a new era in the study of the charmonium
spectrum [38]. Before the discovery of the X(3872) in 2003 [39], every meson in the mass
region between 2.9 and 4.5 GeV/c2 could be successfully described as a cc¯ bound state.
Simple potential models, using QCD-inspired potentials binding quarks and antiquarks,
could reproduce the spectrum of charmonium states all the way from the ηc(1S) (the
ground state) up to the ψ(4415) (usually considered to be the third radial excitation of
the J/ψ) [5]. This simple model of the charmonium spectrum has since broken down
in a dramatic fashion. Following the discovery of the XY Z states (Fig. 3.1), we now
observe exotic hadronic configurations containing charm and anticharm quarks. These
new configurations, such as tetraquarks, hadronic molecules, and hybrid mesons, allow us
to probe the mysterious nonperturbative QCD which underlies the way quarks and gluons
combining into larger hadronic composites.
The X(3872), the first of the XY Z states to be discovered, was discovered in 2003 by
the Belle Collaboration in the process B → KX(3872) with X(3872) → pi+pi−J/ψ [39].
Its unexpected appearance, combined with its narrow width and the fact that its mass
is very close to the D0D¯∗0 mass threshold, immediately signaled that the X(3872) is an
unusual meson. Since its discovery, many more of its properties have been determined [2].
For example, its total width is less than 1.2 MeV/c2, its mass is within 0.18 MeV/c2 of
the D0D¯∗0 threshold, it has JPC = 1++, and in addition to pi+pi−J/ψ, it decays to D0D¯∗0
with a large branching fraction, γJ/ψ, γψ(3686) and ωJ/ψ. It is currently believed to be
a mixture of χc1(2P ) and a tetraquark or meson molecule [38]. However, many important
open questions remain and further investigation is needed.
In 2013, BESIII discovered that it has experimental access to the X(3872) through the
process e+e− → γX(3872) using cms energies in the vicinity of 4.26 GeV [40], which, in
itself, provides an important hint at the relation between the Y (4260) and X(3872) [41].
This discovery has initiated a new and vigorous program at BESIII to search for new
decay modes of the X(3872), which will in turn offer new insight into its nature.
The discovery of the X(3872) quickly led to the discovery of many more states
with exotic configurations of quarks and gluons. For example, the search for the de-
cay X(3872)→ ωJ/ψ led to the discovery of the X(3915) in the process B → KX(3915)
with X(3915)→ ωJ/ψ [42]. This state was originally a candidate to be the quark model
χc0(2P ) state, but its mass and decay patterns were inconsistent with that interpretation.
Moreover, since that time a better candidate for the χc0(2P ) state, the X(3860), has been
discovered [43] (see also in Ref. [44]). This leaves the nature of the X(3915) an unsettled
question. Searching for the X(3915) in the process e+e− → γX(3915) is currently an im-
portant topic at BESIII. In addition, it is also important to search for resonant signals for
the broad X(3860) and the conjectured narrow 2++ X2 with a mass around 4 GeV/c
2 [45],
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the predicted spin partner of the X(3872), in the process e+e− → γDD¯.
Also following the discovery of the X(3872) was the discovery of the Y (4260) by BaBar
using the Initial State Radiation (ISR) process e+e−(γISR) → Y (4260) with Y (4260) →
pi+pi−J/ψ [46]. Because of its production mechanism, we can immediately infer that it
has JPC = 1−−. However, its mass is inconsistent with any of the known or expected
charmonium vector excitations. For example, its mass lies between the masses of the
ψ(4160) and ψ(4415). It is therefore supernumerary. LQCD calculations [47], as well as
other models [48], suggest the Y (4260) could be a hybrid meson. Another intriguing model
that considers the Y (4260) to be strongly coupled to D1(2420)D¯ predicts a nontrivial
behavior for its line shape [49]. At BESIII, the Y (4260) can be produced directly by
simply tuning the cms energy of the e+e− collisions to the mass of the Y (4260). In the
same way, BESIII can also directly produce the Y (4360) (seen in e+e− → pi+pi−ψ(3686)),
and can search for new Y states. The BESIII discovery of a multitude of new Y states
(or the discovery of a complicated coupled-channel system) will be further described in
the next section (Sec. 3.3.1).
The final, and perhaps most interesting, class of exotic structures are the isovector
Zc states. Since they are known to contain an isosinglet cc¯ pair, they must also contain
light quarks to account for the non-zero isospin. One of the first of these states to be
observed, the Zc(3900), was discovered by BESIII in the process e
+e− → pi∓Zc(3900)±
with Zc(3900)
± → pi±J/ψ [50]. Its two distinctive features are that it carries an electric
charge and it has a mass near the DD¯∗ threshold. This suggests that it is a candidate
for a meson molecule or tetraquark with rescattering effects due to the presence of the
DD¯∗ threshold and more complicated kinematical singularities that are also expected
to be important. The lineshape of the Zc(3900) and how that shape evolves with cms
energy will be one of the keys to its interpretation. As described in more detail later,
disentangling the nature of the Zc(3900) is one of the primary goals of the BESIII XY Z
program.
Since the discovery of the Zc(3900), other Zc states have also been discovered. For
example, BESIII discovered the Zc(4020) in the process e
+e− → pi∓Zc(4020)± with
Zc(4020)
± → pi±hc(1P ) [51]. Its mass is close to the D∗D¯∗ threshold, suggesting it is
closely related to the Zc(3900).
So far, the Zc(3900) and Zc(4020) have only been produced in e
+e− collisions with cms
energies around 4.2–4.4 GeV with possible connection to the reported Y states. Other
potential production mechanisms, such as B → KZc decays, appear to be insensitive to
the Zc(3900) and Zc(4020) states. A different class of Zc states has been discovered in B
decays, among which the most prominent one is the Zc(4430) seen in B → KZc(4430)
with Zc(4430)
± → pi±ψ(3686) [52]. The reason that one class of Zc states is produced in
e+e− collisions and a different class is produced in B decays remains a fascinating open
question.
3.3.1 Overview of BESIII Accomplishments
The goal of the XY Z physics program at BESIII is to understand the novel phenomena
apparent in the spectrum of charmonium states with masses above open charm threshold,
as outlined in the previous section. The presence of these XY Z states provides an ideal
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Figure 3.9: BESIII data sets that are relevant for XY Z physics. The data sets collected
prior to 2019 are shown in black; those collected in 2019 are in green; and those considered
for potential future measurements are shown in red.
opportunity for BESIII to study exotic and unexplored features of the strong force. BESIII
is currently in a unique position to both directly access a large number of these states
and to search for new states in their decays. Note that a given Y state, because it has
JPC = 1−−, can be produced directly at BESIII by the appropriate choice of the cms
energy of the e+e− collisions.
BESIII has already made significant progress in studies of the XY Z states. Existing
data sets are shown in Fig. 3.9. We originally had “large” data sets (with integrated
luminosity at or above 500 pb−1) at only a few e+e− cms energies: 4.01, 4.18 (primarily
used for Ds physics), 4.23, 4.26, 4.36, 4.42 and 4.6 GeV. In 2017, we collected large
samples at seven additional points between 4.19 and 4.27 GeV.
Using the limited amount of data collected prior to 2017, we have already made a
number of important discoveries and measurements. Here we highlight eight of the most
important measurements:
1. We discovered the Zc(3900) in the process e
+e− → pi∓Z±c with Z±c → pi±J/ψ [50] in
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Figure 3.10: A selection of XY Z results from BESIII: (a) discovery of the Zc(3900) [50];
(b) discovery of the Zc(4020) [51]; (c) discovery of open-charm decays of the Zc(3900) [53];
(d) discovery of open-charm decays of the Zc(4020) [54]; (e) observation of Y (4260) →
pi+pi−J/ψ [55]; (f) discovery of two peaks in e+e− → pi+pi−hc [57]; (g) discovery of a peak
in e+e− → ωχc0 [58]; (h) discovery of e+e− → γX(3872) [40].
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Fig. 3.10(a). Since the Zc(3900) has a mass in the charmonium mass region and it
decays to J/ψ, we know it includes cc¯ quarks. But since it has an electric charge, we
know it must include additional quarks. The Zc(3900) is therefore a good candidate
to be a tetraquark or meson molecule.
With 680 citations (as of Oct. 9, 2019), this publication is the most-cited of all
of BES papers (including BES and BESIII). Additional work is ongoing to better
determine the internal structure of the Zc(3900).
2. We discovered the Zc(4020) in the process e
+e− → pi∓Z±c with Z±c → pi±hc [51] in
Fig. 3.10(b). Like the Zc(3900), the Zc(4020) contains cc¯ quarks and is electrically
charged. While the Zc(3900) is near the DD¯
∗ threshold, the Zc(4020) is near the
D∗D¯∗ threshold. With 337 citations (as of Oct. 9, 2019), this publication is the
second-most-cited BESIII papers.
3. We observed the Zc(3900) decaying to the open-charm channel (DD¯
∗ + c.c.)± [53]
in Fig. 3.10(c). With 258 citations (as of Oct. 9, 2019), this publication is the
fourth-most-cited BESIII papers.
4. Similarly, we observed the Zc(4020) decaying to the open-charm channel
(D∗D¯∗)± [54] in Fig. 3.10(d). Observation of the Zc(3900) and Zc(4020) decays
to these open charm channels (and the lack of evidence for Zc(4020) decays to
(DD¯∗ + c.c.)±), combined with their masses being close to threshold, suggest that
the nature of the Zc(3900) and Zc(4020) is somehow intimately tied to these chan-
nels. With 291 citations (as of Oct. 9, 2019), this publication is the third-most-cited
BESIII papers.
5. We precisely measured the cross section for e+e− → pi+pi−J/ψ [55]. Since this is
the reaction that led to the discovery of the Y (4260) (although here Initial State
Radiation is not used), the aim of our measurement was to precisely determine the
parameters of the Y (4260). Instead, what we observed was a cross section that
was inconsistent with that arising from a single ordinary resonance, as shown in
Fig. 3.10(e). The cross section could be successfully fit using two resonances: one
with a narrow total width and mass around 4.22 GeV/c2and one with a wider total
width and mass around 4.32 GeV/c2. Thus, the Y (4260), one of the first of the XY Z
to be discovered, is either composed of two resonances or has a highly nontrivial
line-shape due to other dynamics such as a strong coupling to the D1(2420)D¯. In
addition, we observed the decay Y (4260) → pi0pi0J/ψ and the neutral Zc(3900) in
e+e− → pi0Z0c → pi0pi0J/ψ [56]. This further cements the case that the Zc(3900) is
an isospin-1 multiquark state of charmonium.
6. We discovered two peaks in the cross section for e+e− → pi+pi−hc [57] in Fig. 3.10(f).
This, along with the above-described measurement of e+e− → pi+pi−J/ψ, indicates
that the family of Y states is more complicated than was originally thought. In
particular, these two final states have different total spins for the charm and an-
ticharm quark pair. The masses and widths of the peaks in pi+pi−hc and pi+pi−J/ψ
are inconsistent.
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7. We discovered a peak in e+e− → ωχc0 [58] in Fig. 3.10(g) that is inconsistent with
the reported parameters for the Y (4260). This suggests that either there is yet
another Y state in this mass region or that the mass of the Y (4260) should be
shifted downwards.
8. We discovered the process e+e− → γX(3872) [40] in Fig. 3.10(h), which hints at the
existence of the radiative decay Y (4260) → γX(3872). This is a unique transition
in the sense that it is a transition between two states both of whose natures are
unclear. This suggests there is an intimate connection between the Y (4260) and the
X(3872).
There is currently a great amount of community interest in XY Z physics, as is clear
from the high profile of the BESIII papers mentioned above. Since the natures of most
of these phenomena are yet to be understood, the theory community has been especially
active developing new techniques to aid in the interpretation of the XY Z [38]. This has
led to many innovations. What is currently needed, however, is more high precision data.
Therefore, new data that BESIII will provide is much anticipated and will be put to
immediate use.
3.3.2 Broad Problems in XY Z Physics
The XY Z results from BESIII have helped uncover several broad problems in the
field, and these are the subjects of intense studies at BESIII. Below, these are labeled
the “Y problem,” the “Z problem,” and the “X problem.” With more data, BESIII is in
the unique position to definitively address all three. This section includes descriptions of
these problems and indicates a variety of the ways they can be addressed at BESIII.
The Y Problem
Exclusive e+e− cross sections have shown surprisingly complex behavior as a function
of cms energy. The Y (4260) is more complex than a single ordinary resonance, as shown
by the complicated lineshape in the e+e− → pi+pi−J/ψ cross section in Fig. 3.10(e); the
Y (4360) and Y (4660) are seen in e+e− → pi+pi−ψ(3686); two other peaks are seen in
e+e− → pi+pi−hc in Fig. 3.10(f); the Y (4220) is seen in e+e− → ωχc0 in Fig. 3.10(g) and
so on. A summary of the masses and widths of resonances extracted from recent BESIII
results is shown in Fig. 3.11. There is currently very little consistency between different
reactions. Furthermore, none of these complicated features are apparently present in
the inclusive e+e− cross section, which only shows evidence for the ψ(3770), ψ(4040),
ψ(4160), and ψ(4415) [59]. This is the “Y ” problem. Are the many peaks seen in e+e−
cross sections really new states? Or are they the results of more subtle effects? With new
data, will new patterns emerge? With our limited number of data points (cms energies),
there is little hope in resolving the issue. We require (1) more data spread over a variety of
cms energies, and (2) a global and simultaneous analysis of many final states. This latter
effort will likely require close collaboration with the theory community, in particular with
the view on amplitude analysis.
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Figure 3.11: A collection of resonance parameters as determined from fits to e+e−
cross sections. Each ellipse encloses 1σ around the measurements of resonance param-
eters, where the size of the ellipses are determined by adding together the statistical
and systematic uncertainties in quadrature. The black ellipses are from the inclusive
cross sections [59]; the red ellipses are from pi+pi−J/ψ [55]; the blue ellipses are from
pi+pi−ψ(3686) [60]; the magenta from pi+pi−hc [57]; and the green from piDD¯∗ + c.c. [61].
The fact that these measurements currently contain inconsistencies is the “Y problem.”
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The Z Problem
BESIII discovered the Zc(3900) in e
+e− → pi+pi−J/ψ events at a single cms energy of
4.26 GeV in Fig. 3.10(a). Higher-energy data, however, has revealed more complex struc-
tures. There is a similar situation in e+e− → pi+pi−ψ(3686), where the lower-energy data
appears relatively simple, but the Dalitz plots at higher energies are more complex [60].
This is the “Z” problem. How do the Zc structures produced in e
+e− annihilation change
as a function of e+e− cms energy? Will their properties remain constant, as would be
expected for a true resonance, or will their properties change, which would indicate the
discovery of other effects (which are also important to study)? Again, BESIII is in a
unique position to address this problem. Again, we require large data sets at a variety of
energies, and we require closer cooperation with the theory community.
Using existing data samples, BESIII has successfully determined the quantum numbers
of the Zc(3900) to be J
P = 1+ [62]. However, the data samples have so far been insufficient
to measure the phase of the Zc(3900) with respect to the other amplitudes present in
e+e− → pi+pi−J/ψ. Such an effort to measure the Argand diagram for the Zc(3900) is
currently being explored. Determining the lineshape of the Zc(3900) and studying its
phase motion would allow us to distinguish between different models for the nature of the
Zc(3900) [63]. There are at least two challenges. First, a larger data sample at a single
cms energy is required. Second, and perhaps more importantly, we must understand all
of the other resonances that are present in the pi+pi−J/ψ Dalitz plots. The measurement
of the phase of the Zc(3900) (and even the magnitude of its amplitude) is only as good
as our understanding of the parameterization of the rest of the Dalitz plot. This is a
challenging issue.
Another route for understanding the nature of the Zc(3900) would be to look for
patterns of other Zc states. BESIII has already discovered the Zc(4020), which seems to
indicate that the DD¯∗ and D∗D¯∗ thresholds play important roles in the characteristics of
the Zc. Another important subject to study might be the putative strange hidden-charm
states, like the Zcs which replaces up or down quark in Zc with strange quark . If a
Zcs state exists, perhaps decaying to KJ/ψ, this would provide another crucial handle
on the nature of the Zc states. To search for the heavier Zcs states, larger samples of
higher-energy data samples will be required.
The X Problem
The interpretation of the X(3872) is intimately related to the problem of determining
the parameters of the conventional 2P cc¯ states – the spin-triplet χcJ(2P ) and the spin-
singlet hc(2P ). This is because the X(3872), with J
PC = 1++, certainly contains some
admixture from the χc1(2P ) state. Sorting out the spectrum of states in this region, and
determining which are exotic and which are conventional and how they mix, is the “X”
problem.
One important piece of information in this program to sort out the 2P states is the
mass of the hc(2P ). Once this state is found, it will indicate where the χcJ(2P ) states are
located. Then states deviating from this pattern can be identified as exotic. Since there
is already clear evidence for e+e− → pi+pi−ψ(1S, 2S) and pi+pi−hc(1P ) at BESIII, one also
expects to produce the process pi+pi−hc(2P ). Search is underway, but larger data sets at
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Table 3.2: Requirements for XY Z data-taking for a few select channels.
channel data plan luminosity cross section precision # of events
pi+pi−J/ψ (1) 500 pb−1 at 4.30 GeV 3% 1270
pi+pi−hc(1P ) (1) 500 pb−1 at 4.30 GeV 9% 220
ηJ/ψ (1) 500 pb−1 at 4.30 GeV 30% 28
pi+pi−ψ(3686) (1) 500 pb−1 at 4.30 GeV 3% 230
pi+pi−J/ψ (2) 5 fb−1 at 4.23 GeV <1% 18k
pi+pi−J/ψ (2) 5 fb−1 at 4.42 GeV 3% 3k
pi+pi−ψ(3686) (2) 5 fb−1 at 4.42 GeV 2% 4k
higher cms energies are needed.
At least in principle, BESIII also has access to a variety of other X states through
radiative transitions, e+e− → γX, in the similar way the X(3872) is produced. For
example, this is being used to search for the X(3915) in the process e+e− → γωJ/ψ and
to search for the X(4140) in the process e+e− → γφJ/ψ.
3.3.3 Possibilities for XY Z Data Taking
The X, Y and Z problems are all Tier A physics priorities within the charmonium
group. All could benefit from additional data sets. Three qualitatively different types of
data-taking plans are discussed below, each targeting different topics.
(1) High-Statistics Scan from 4.0 to 4.6 GeV
To study the Y problem, we need to do a detailed scan of cross sections between 4.0
and 4.6 GeV. The range is chosen in order to study a wide range of channels, important
to achieve a more global picture in this region. We propose 500 pb−1 per point, for points
spaced at 10 MeV intervals. The intervals were chosen to cover the possibility for narrow
features – the narrowest of the XY Z states discovered by BESIII is currently the Zc(4020)
with a width of 7 MeV, and the pipiJ/ψ cross section shows rapid changes between 4.20
and 4.23 GeV. Other cross sections are likely to include other rapidly changing features.
A series of simulations are shown in Fig. 3.12. Background rates and efficiencies are based
on existing data. The cross section shapes are only guesses; they need to be measured.
Statistical fluctuations are not included. The error bars, however, are reliable estimates.
The top part of Table 3.2 shows the precision with which cross sections could be measured
for a few select channels at 4.30 GeV.
This high-statistics scan would also allow us to study the way the Zc states evolve with
cms energy. Changes in the shapes of the peaks and/or their production cross sections
would provide clues about the nature of the Zc. By combining data sets at different cms
energies, we could also better explore the X problem.
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Figure 3.12: Simulations for different exclusive e+e− cross sections. The black points are
already measured (before 2019); the green points are projections for 2019; the red points
are projections for the proposal from 4.0 to 4.8 GeV, and the gray points are from Belle.
The top row shows e+e− → pi+pi−J/ψ; the second row shows e+e− → pi+pi−hc; the third
row shows e+e− → ηJ/ψ; the bottom row shows e+e− → pi+pi−ψ(3686).
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(2) A Series of Higher-Statistics Points
For the Z problem, especially detailed studies of Argand diagrams, we require very
high statistics samples at a few points. We currently have 1 fb−1 of data for e+e− cms
energy at 4.42 GeV. For the pipiJ/ψ channel, this is not adequate to definitely resolve the
substructure. We require on the order of 5 fb−1 or more per point to have adequate statis-
tics for unambiguous Dalitz plot analyses. Three or four of these high-statistics points
would likely reveal the nature of the energy dependence of the Dalitz plot. A working
group is studying the substructure within various channels using the 4.42 GeV data. As
the working group progresses, the requirements on future data-taking will become more
clear. The lower part of Table 3.2 lists the expected numbers of events for a few channels
given future 5 fb−1 data samples.
(3) Possibilities for Data Above 4.6 GeV
If BESIII will take data above 4.6 GeV, a number of new exciting possibilities would
become accessible. Here we list five cases. (1) We know there is an unexplained peak at
4.66 GeV in the e+e− → pi+pi−ψ(3686) cross section. BESIII would be able to produce and
study it directly. (2) We could also study the peak at 4.63 GeV in the Λ+c Λ¯
−
c cross section.
(3) We could search for new peaks; it seems likely that more than those two exist. These
three goals would extend our study of the Y problem. (4) Production of a Zcs tetraquark
candidate in the process e+e− → KZcs with Zcs → KJ/ψ would require cms energies
above 4.6 GeV if the Zcs is near the DsD¯
∗ or D∗sD¯ threshold. (5) Data significantly above
4.6 GeV provide access to additional charmed baryon thresholds. BESIII would thus be
able to study charmed baryons in a uniquely clean environment. (6) Data above 4.6 GeV
would provide a unique opportunity to search for the excited 1+− hc state, expected to
be around 3.9 GeV and show up in e+e− → ηDD¯∗. The identification of this state would
likely help clarify many of the J++ states between 3.8 and 4.0 GeV.
3.3.4 Comparisons with Other Experiments
Belle II [64] started collecting data in 2019, and will accumulate 50 ab−1 data at the
Υ (4S) peak by 2027. These data samples can be used to study the XY Z and charmonium
states in many different ways [65], among which ISR can produce events in the same energy
range covered by BESIII. Figure 3.13 shows the effective luminosity at BEPCII energy
in the Belle II data samples. We can see that 50 ab−1 of Belle II data corresponds to
2,000–2,800 pb−1 data for each 10 MeV interval between 4–5 GeV, similar statistics will
be accumulated for modes like e+e− → pi+pi−J/ψ at Belle II and BESIII, taking into
account the fact that Belle II has lower efficiency.
Table 3.3 also lists the expected ratios of numbers of events for BESIII and Belle II
given BESIII data sets with 500 pb−1 per point and a Belle II sample of 50 ab−1. Belle II
has the advantage that data at different energies will be accumulated at the same time,
making the analysis simpler than BESIII scans over many data points. On the other
hand, Belle II needs to integrate over large energy bins, while the BESIII data is collected
at individual energy points with an energy resolution spread of around 2 MeV.
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Figure 3.13: Effective luminosity at low energy in the Belle and Belle II Υ (4S) data
samples.
The LHCb experiment has also made large contributions to our understanding of the
XY Z mesons. The strength of LHCb for studies ofB decays to final states with all charged
particles cannot be matched by e+e− facilities. For example, LHCb has made precision
measurements of the X(3872) in the process B → KX with X → pi+pi−J/ψ and J/ψ →
µ+µ− [66]. The discovery of the process B → KY (4260) with Y (4260) → piZc(3900) at
D0 [67, 68] may give LHCb an opportunity to study the Y (4260) and Zc(3900) in detail.
However, since most of the XY Z particles decay to final states with neutral particles,
the LHCb experiment is mostly complementary to the BESIII experiment. In contrast
to BESIII, LHCb does not feature a high quality electromagnetic calorimeter. Thus, the
identification of soft neutral pions and photons is difficult.
Finally, it should be noted that all three experiments have rather different systematics,
which emphases their complementarity.
3.4 Summary of Data Requirements
Our data-taking requirements are summarized in Table 3.4. Sensitivities to various
channels in XY Z physics are given in Table 3.2; sensitivities to charmonium studies are
listed in Table 3.1.
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Table 3.3: A comparison of BESIII and Belle II for various channels at a few different
e+e− cms energies assuming 50 ab−1 of Belle II data in 10 MeV energy bins. L and N
denote the expected luminosity and number of observed signals, respectively.
ISR mode LBESIII/LBelle II εBESIII/εBelle II NBESIII/NBelle II
pi+pi−J/ψ at 4.26 GeV 0.5 fb−1 / 2.2 fb−1 46% / 10% 1.07
pi+pi−ψ(3686) at 4.36 GeV 0.5 fb−1 / 2.3 fb−1 41% / 5% 1.82
pi+pi−ψ(3686) at 4.66 GeV 0.5 fb−1 / 2.5 fb−1 35% / 6% 1.19
pi+pi−hc at 4.26 GeV 0.5 fb−1 / 2.2 fb−1 2.7% / –% > 5
K+K−J/ψ at 4.6 GeV 0.5 fb−1 / 2.4 fb−1 29% / 7.5% 0.81
K+K−J/ψ at 4.9 GeV 0.5 fb−1 / 2.7 fb−1 ≈29% / 10% 0.54
Λ+c Λ¯
−
c at 4.6 GeV 0.5 fb
−1 / 2.4 fb−1 51% / 7.5% 1.42
Λ+c Λ¯
−
c at 4.9 GeV 0.5 fb
−1 / 2.7 fb−1 ≈37% / 7.5% 0.91
Table 3.4: Data-taking requirements for XY Z physics (top) and charmonium
physics (bottom).
Plan Data Sets
XY Z plan (1) 500 pb−1 at a large number of points between 4.0 and 4.6 GeV
XY Z plan (2) 5 fb−1 at 4.23, 4.42 GeV for large Zc samples
XY Z plan (3) 5 fb−1 above 4.6 GeV
charmonium plan 3× 109 ψ(3686) decays
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Chapter 4
R values, QCD and τ Physics
4.1 Introduction
The R-QCD-τ working group deals with various aspects of QCD, the accepted theory
of strong interactions within the Standard Model of particle physics. The cms energy
of BEPCII is ideally suited to study the transition region between non-perturbative and
perturbative aspects of QCD [1]. It offers a unique laboratory to test not only the validity
of QCD in the few-GeV energy range, but also the validity of effective theories and
hadronic models towards high energies.
BESIII has already demonstrated that the high statistics and accuracy of the data,
illustrated in Fig. 4.1, allow to measure form factors of mesons and baryons with unprece-
dented accuracy and with paramount impact on hadron structure investigations. These
form factors are not only accessible in the timelike domain via electron-positron annihi-
lations, but can also be determined in the spacelike domain in two-photon scattering.
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Figure 4.1: Overview of data sets and their integrated luminosities acquired for the R-
QCD-τ working group. R scan data (red) were collected from 2012-2015, the J/ψ line
shape scan (green) was performed in 2012, a search for the production of χc1 (black) was
carried out in 2017, and the latest τ mass scan data (blue) were acquired in 2018.
As is well known, the measurement of electron-positron annihilation into hadrons is
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of utmost importance for precision tests of the SM. While the measurement of exclu-
sive hadronic channels is needed for the hadronic vacuum polarization contribution of
the anomalous magnetic moment of the muon, (g − 2)µ, the inclusive measurement of
the hadronic cross section above 2 GeV can be used to improve the knowledge of the fine
structure constant at the Z-pole. The latter is currently limiting precision tests in the elec-
troweak sector of the SM. Thus, its improvement is of central importance for the physics
programs at future high-energy electron-positron colliders, such as Higgs factories [2, 3].
The exclusive channels can be measured at BESIII via the initial state radiation (ISR)
technique, while the accuracy of the inclusive R-measurement will be further improved
with respect to measurements at BES and KEDR. Regarding (g − 2)µ, BESIII can also
measure the transition form factors of pseudoscalar mesons, as motivated by the hadronic
light-by-light scattering contributions to (g − 2)µ.
The analysis of the high-statistics energy scan between 2.0 and 4.6 GeV allows for a
first precision measurement of neutron and hyperon form factors. In the case of hyperons,
their self-analyzing decay does not only provide access to the absolute values of the elec-
tric and magnetic form factors, but it allows even to extract the relative phase between
them. A complementary view on hadron structure is possible through the measurement
of Collins asymmetries. The recent result obtained at BESIII extends previously available
knowledge, which was restricted to measurements at B factories, towards lower energies.
The picture of the non-perturbative features of QCD can be further extended by the
investigation of fragmentation functions.
Naturally, the research program of the τ -QCD working group comprises measurements
of such fundamental parameters of the SM as the mass of the τ lepton. It can be deter-
mined via an energy scan in its threshold region. The first result of BESIII is already
the world’s most precise measurement. Further improvement is expected with new data.
Moreover, the mass of the charm quark is accessible by determining the cross section
of e+e− → cc¯, which relates the physics of hadronic cross section measurements to yet
another precision observable of the SM.
Finally, the precise scan measurements for the R value and τ mass measurements
allow for detailed investigations of the production of charmonium resonances. The line
shape of vector charmonium resonances might reveal through a relative phase of strong
and electromagnetic decay amplitudes a more detailed picture of their internal structure.
Even the production of non-vector resonances like the χc1 in e
+e− annihilations might be
observed through interference patterns with the continuous background. Another exciting
spin-off of the BESIII R-program are investigations of the light hadron spectrum, enabling
studies of potentially exotic resonances, such as the φ(2170).
4.2 BESIII measurements related to precision vari-
ables (g − 2)µ and αem(s)
4.2.1 The anomalous magnetic moment of the muon, (g − 2)µ
At present, both the SM prediction, as well as the experimental value of the anoma-
lous magnetic moment of the muon, aµ = (g − 2)µ/2 [4] are determined with a relative
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Figure 4.2: Compilation of recent results for aSMµ (figure taken from Ref. [5]). The
“DHMZ17” and “KNT18” points correspond to Refs. [7] and [5], respectively. Also shown
is the accuracy of the upcoming new FNAL measurement of aexpµ under the hypothetical
assumption that the central mean value of aexpµ will remain unchanged.
uncertainty of about one half part per million:
aSMµ = (11 659 182.04± 3.56)× 10−10 [Keshavarzi et al.] [5], (4.1)
aexpµ = (11 659 208.9 ± 6.3)× 10−10 [BNL-E821] [6]. (4.2)
A second evaluation of aSMµ by Davier et al. finds a
SM
µ = (11 659 182.3±4.3)×10−10 [7].
Depending on the value used for aSMµ , a tension of 3.5 – 3.7 standard deviations between
the SM prediction and the direct measurement of aµ is observed, as illustrated in Fig. 4.2.
Currently, the SM prediction of aµ is slightly more precise than the experimental
value, but the situation will change soon. New direct measurements have been started
at FNAL [9] and a complementary project is under construction at J-PARC [10]. Both
aim to reduce the experimental uncertainty by a factor of four. The light grey band in
Fig. 4.2 represents the hypothetical situation of the new FNAL measurement yielding the
same mean value for aexpµ with fourfold improved accuracy.
The main uncertainties in aSMµ originate from hadronic effects, in particular the con-
tributions from hadronic vacuum polarization (HVP), aHVPµ , and hadronic light-by-light
scattering (HLbL), aHLbLµ , as shown in Fig. 4.3. It is of vital importance to investigate
whether physics models beyond the SM [11] or poorly understood hadronic effects are
responsible for the observed tension. This is one of the main goals of the R-QCD research
program.
The current estimate of aHVPµ , which enters the SM prediction, is based on dispersion
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Figure 4.3: The HVP (left panel) and the HLbL (right panel) contributions to the anoma-
lous magnetic moment of the muon.
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Figure 4.4: Contributions of different channels and energy ranges to the absolute value
(left) and the uncertainty (right) of aHVPµ , demonstrating the importance of the processes
e+e− → pi+pi−, e+e− → pi+pi−pi0, e+e− → pi+pi−2pi0, and e+e− → KK¯ (numbers taken
from Ref. [5]).
theory, in which experimental measurements of the annihilation cross section e+e− →
hadrons are used as input for the evaluation of a dispersion integral:
aHVPµ = (
αmµ
3pi
)2
∫ ∞
4m2pi
ds
Rhad(s)K(s)
s2
, (4.3)
where K(s) is a kernel varying from 0.63 at s = 4m2pi to 1.0 at s =∞, and mµ(mpi) is the
nominal mass of the pion(muon).
Within Ref. [5], the leading-order hadronic contribution is calculated to be aHVPµ =
(684.68 ± 2.42) × 10−10. At BESIII, we are aiming at a further reduction of the uncer-
tainty of aHVPµ by measuring exclusive channels of Rhad in the most relevant energy range.
Figure 4.4 shows the contributions of various exclusive hadronic channels to the absolute
value (left) and the uncertainty (right) of aHVPµ . As can be seen, the channels with pi
+pi−,
pi+pi−pi0, pi+pi−pi0pi0, and KK¯ are most relevant, which the current efforts at BESIII are
focusing on exactly. A major program of hadronic cross section measurements, which is
presented in detail in Sec. 4.2.3, has been launched.
Beyond HVP, the next important contribution to the uncertainty of (g − 2)µ is given
by the HLbL contribution shown in the right panel of Fig. 4.3. The leading contribution
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Figure 4.5: Weight of the transition form factors of the lightest pseudoscalar mesons in
the calculation of aHLbLµ as a function of the virtualities of the two photons. Figure taken
from Ref. [17].
to the HLbL diagram is given by the coupling of photons to the pseudoscalar mesons
pi0, η, η′ as well as channels like pipi and piη, as shown in Fig. 4.9. So far, hadronic models
have been used for the calculation of the HLbL diagram. Although most groups report
similar values for the absolute size of the HLbL contribution, the assumed uncertainties
differ largely. The calculation with the lowest uncertainties stems from Prades, de Rafael,
and Vainshtein [12]. They find the following value: aHLbLµ = (10.5± 2.6)× 10−10.
Very recently, new theoretical approaches have been proposed by groups from Bern
and Mainz [13–15] in order to attack the HLbL calculation, namely by exploiting disper-
sion relations. Form factor measurements of the two-photon coupling γγ → P , where
P is a one-hadron or two-hadron system, are of special interest. The Belle and BaBar
collaborations have determined these couplings referred to as meson TFF for the lightest
pseudoscalar mesons. However, the results of the B-factories have only been obtained
at very large momentum transfers above 2 GeV, while for the HLbL contribution mea-
surements at low momentum transfers are required. This is illustrated by Fig. 4.5, which
shows the weight of the light pseudoscalar TFFs in the HLbL calculation [17] as a function
of the two virtualities Q1 and Q2 of the photons. It can clearly be seen that the region
of small momentum transfers is most relevant. This is exactly where BESIII can provide
precision result.
To summarize, an improvement of the SM prediction of (g − 2)µ is urgently needed
in view of two upcoming direct measurements of aµ at Fermilab and J-PARC with a
fourfold improved precision. In the white paper of Ref. [16] in 2013, it was argued that
new experiments, like the ones carried out at BESIII, should lead to a final reduction
of the SM uncertainty of aµ down to 3.5 × 10−10. The recent evaluations in Refs. [5, 7]
show that such an accuracy has almost been achieved already. BESIII have contributed
to this achievement. The future program of BESIII together with new analyses at BaBar,
Belle II, and elsewhere will lead to an additional significant reduction. The midterm
goal is to reduce both the HVP and HLbL uncertainties to a level similar to the future
experimental uncertainty, i.e., 1.6 × 10−10. It should also be mentioned that since 2017
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the theoretical and experimental work in view of aSMµ is coordinated by the g − 2 Theory
Initiative [18], which is a consortium of theoretical and experimental physicists working
towards an improved SM prediction. Members of the BESIII collaboration are part of
this consortium.
4.2.2 The running of the electromagnetic fine structure con-
stant, αem(s)
Due to vacuum polarization effects, the electromagnetic fine structure constant αem
is a “running” quantity. Its value increases with increasing momentum transfer s of the
scattering process. The effective running of the fine structure constant as a function of s
is usually parametrized in SM in the following way:
αem(s) =
α(0)
(1−∆αem(s)) , (4.4)
∆αem(s) = ∆α
lept
em (s) + ∆α
had(5)
em (s) + ∆α
top
em (s). (4.5)
In the above formula, ∆αleptem denotes the vacuum polarization effects due to lepton loops,
∆α
had(5)
em accounts for the effects due to loop contributions of the five lightest quarks, and
the loop contributions due to the top quark are given by ∆αtopem . The leptonic contribution
can be computed in QED with very high precision, while the top-quark loop contribution
is very small. Therefore, the total uncertainty of ∆αem is entirely limited by ∆α
had(5)
em . As
in the case of (g − 2)µ, a dispersion relation can be used to relate experimental hadronic
cross section data with ∆α
had(5)
em .
Of special interest is the knowledge of ∆αem for s = M
2
Z since most of the electroweak
precision tests have been performed at the Z0 peak at LEP. The total correction to the
fine structure constant amounts to [5]
∆αem(M
2
Z) = (276.11± 1.11)× 10−4, (4.6)
and the value of αem at the Z pole mass is therefore known to be
α−1em(M
2
Z) = 128.947± 0.012. (4.7)
A similar result of α−1em(M
2
Z) = 128.946±0.015 is found in Ref. [7]. The current uncertainty
of ∆αem represents a severe limitation for electroweak precision fits to the SM (see a review
on Electroweak model and constraints on new physics in Ref. [8]). Typically these fits are
performed using three independent input variables, such as αem(M
2
Z), the Fermi constant
Gµ, and MZ . Among these three quantities, αem(M
2
Z) is known with the least precision.
Its relative uncertainty is 1 × 10−4, while Gµ and MZ are known with uncertainties of
5 × 10−7 and 2 × 10−5, respectively. In the past, the insufficient knowledge of ∆αem led
to imprecise predictions of the Higgs mass. Now that the Higgs mass is known with high
accuracy, any new precision measurement of an electroweak observable (as for instance
the electroweak mixing angle sin2(ΘW )) establishes a significant test of the electroweak
SM. The smaller the uncertainty of ∆αem(M
2
Z) is, the more powerful this test will be. As
will be discussed in Sec. 4.2.4, the goal of the new BESIII measurement is to reduce the
uncertainty of the R measurement to 3%, which allows to improve the accuracy of the
predition of ∆α
had(5)
em .
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4.2.3 Measurement of exclusive hadronic channels via ISR
A major campaign of ISR [21–23] measurements was launched at BESIII, mainly in
order to improve the HVP contribution to (g−2)µ and of ∆αhad(5)em . The ISR technique al-
lows for precision measurements of the hadronic cross section at high-luminosity electron-
positron colliders by using events in which either the incoming electron or positron has
emitted a high-energetic photon. In such a way, the available cms energy for the hadronic
system is varied depending on the energy of the ISR photon, which is the reason that the
technique is also called Radiative Return.
From the measurement of the hadronic cross section σ(e+e− → hadrons + γISR), the
non-radiative cross section σ(e+e− → hadrons) can be extracted using a radiator function
from QED theory. This radiator function is known with a precision of 0.5% within the
Monte Carlo (MC) generator Phokhara [24–26], which also simulates the most relevant
exclusive final states in view of the HVP contribution to (g − 2)µ.
At BESIII, the data set taken at a cms energy of 3.773 GeV is currently used for most
of the ISR analyses. The total integrated luminosity available at this cms energy amounts
to 2.9 fb−1. Using this data set, the statistics of ISR hadronic events is superior to the
ISR statistics of BaBar above hadronic masses of approximately 1.5 GeV. With upcoming
new data and by including the already available data sets, the available ISR statistics will
be similar to the BaBar statistics also at masses below 1.5 GeV.
Both the tagged and untagged ISR approaches are currently carried out at BESIII.
The tagged approach requires the explicit detection of the ISR photon in the calorime-
ter, and allows for studies of the full hadronic mass range starting from the dipion mass
threshold. An untagged measurement corresponds to the usage of ISR events, in which
the ISR photon is emitted at very small polar angles, essentially collinear with the initial
electron beams. Although tagging of those photons is not feasible, the momentum infor-
mation can be extracted from the missing momentum of the fully reconstructed hadronic
system. For kinematic reasons, the untagged approach is limited to the energy with
hadron productions above approximately 1 GeV. Above 1.5 GeV, it provides significantly
improved statistics compared to the tagged measurement, and furthermore, guarantees
low background conditions.
The main results of the ISR program at BESIII can be summarized as follows:
• Timelike pion form factor: e+e− → pi+pi−
A new measurement of the hadronic cross section of the channel e+e− → pi+pi− was
performed in the energy range between 600 MeV and 900 MeV, which corresponds to
the peak region of the ρ(770) resonance [29]. In this energy range the two-pion chan-
nel indeed contributes more than 50% to aHVPµ , and the uncertainty of this exclusive
channel is therefore decisive for the SM error of (g − 2)µ. Thus, this is the flagship
analysis of the BESIII ISR program. A total systematic uncertainty of 0.9% for the
cross-section measurement has already been achieved. The two limiting contribu-
tions to the total systematic uncertainty are from the luminosity measurement and
the theoretical radiator function, with 0.5% for each. As will be discussed below,
with improved calculations of the radiator function, by including larger data sets,
and by an overall improved understanding of the detector performance, the errors
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of both these contributions can be reduced from 0.5% to 0.2% for each, yielding
a reduced total systematic uncertainty. The mass range studied in this analysis is
accessible via the tagged ISR approach only. The same holds for the mass range
from the dipion mass threshold to 600 MeV, which will be studied in future, along
with the mass range above 900 MeV, where the investigations can be performed in
the untagged ISR approach as well.
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Figure 4.6: Pion form factor measurements at BESIII [29], KLOE [30–32], and BaBar [33].
The black line is a fit to the BESIII spectrum according to the Gounaris-Sakurai
parametrization.
In this analysis all the experimental detection efficiencies, the luminosity, as well
as the knowledge of background channels need to be determined at the per mil
level. A separation of pion tracks from muon tracks turns out to be the major
challenge of the analysis. As a consequence, a multivariate analysis technique is
applied [27] by training an artificial neural network (ANN) for particle identification.
When selecting muon events rather than pion events, the efficiency of the technique
can be tested by comparing the absolute yield of e+e− → µ+µ−γ events with the
Phokhara [28] MC prediction. An agreement between data and MC simulations
at the level of (0.5± 0.3)% is observed, demonstrating the excellent performance of
the ANN.
From the cross section measurement, the timelike pion form factor |Fpi| is extracted.
An agreement between the BESIII data and the three KLOE [30–32] analyses is
found up to the peak of the ρ resonance. At the same time, the BESIII data are
systematically lower with respect to BaBar’s results [33] in this mass range. Above
the ρ peak the situation is reversed. In this case, the BESIII spectrum comes out to
be in good agreement with that of BaBar, while the KLOE results are systematically
lower. In Fig. 4.7, we show the impact of the new BESIII measurement on aHVPµ .
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Figure 4.7: Two-pion contributions to the hadronic vacuum polarization contribution to
aµ in the energy range between 600 MeV and 900 MeV.
It agrees with all three KLOE analyses in the mass range 600 − 900 MeV, while
deviations from BaBar’s results are observed.
The good understanding of the radiative muon sample, which was achieved in this
analysis, also led to two additional publications, which made use of the high statistics
and quality of the muon data. In a first paper, the electronic width of the J/ψ
resonance was determined with world-leading accuracy [34]. In a second paper a
competitive dark photon limit was achieved by looking for an enhancement of events
in the dimuon invariant mass [35] between 1.5 and 3.4 GeV/c2.
• Cross section of e+e− → pi+pi−pi0
The hadronic channel e+e− → pi+pi−pi0, which is dominated at low energies by the
ω(782) and φ(1020) resonances, has been measured by the Novosibirsk experiments
CMD-2 [36] and SND [37] below 1.4 GeV. Their results show obvious scatter, al-
though within claimed accuracy, and would benefit from improved measurements.
Above the φ(1020) resonance, BaBar has also performed a measurement of this
channel [38] and has observed structures which are interpreted as two excited ω
states. This BaBar result is in conflict with an old DM2 measurement [39].
In contrast to the two-pion analysis discussed above, both the tagged (in the full
mass range) and the untagged ISR methods (above 1 GeV) were analyzed by BESIII.
Preliminary results for this ISR measurements are already available. For the final
spectrum, the tagged and untagged spectra were averaged and a systematic uncer-
tainty of better than 3% was achieved in a wide mass range from threshold up to
the J/ψ resonance. In a fit to the mass spectrum assuming vector meson dominance
the mass and width of the resonances, ω(1420) and ω(1650), could be obtained with
unprecedented accuracy. Furthermore, the branching fraction of the J/ψ decays to
three pions was measured precisely.
• Cross section of e+e− → pi+pi−pi0pi0
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In the channel e+e− → pi+pi−pi0pi0 some deviations between the two Novosibirsk
experiments CMD-2 [40] and SND [41] were observed below 1.4 GeV. Even larger
deviations are seen in comparison with τ spectral functions which can be related
to the cross section via an isospin relation. It has been speculated whether large
isospin violating effects might be the reason for this observation. Above approx-
imately 1 GeV, the BaBar collaboration has published an analysis, in which the
world data set in terms of statistical and systematic precisions are exceeded by a
large amount [42]. It is therefore the goal of the BESIII analysis to provide an
independent high-accuracy data set besides BaBar. Furthermore, the channel is
extremely interesting from the spectroscopy point of view. It has a rich internal
structure, where the ωpi0, a1pi, ρ
+ρ−, and many other intermediate states play sig-
nificant roles (including the f0(500) and f0(980)).
Also for this channel preliminary results exist at BESIII using the tagged and un-
tagged ISR approach. The mass range from threshold up to 3.4 GeV is covered and
the cross section is determined with a systematic uncertainty of approximately 3%.
Besides the cross section of e+e− → pi+pi−pi0pi0, the cross section of the intermedi-
ate state e+e− → ω(782)pi0 is measured, and the branching fraction of the decay
J/ψ → pi+pi−pi0pi0 is extracted.
The existing results on e+e− → pi+pi−pi0 and e+e− → pi+pi−pi0pi0 are obtained using the
2.9 fb−1 data at
√
s = 3.773 GeV. As discussed in the case of the e+e− → pi+pi− analysis,
including the already existing and upcoming new data sets, the systematic uncertainties,
which are already at this point at world-class level, can be further reduced.
4.2.4 Inclusive R scan data
Up to an energy of 2.0 GeV, theR value is determined by the sum of measured exclusive
hadronic cross sections, either via the energy scan or the ISR technique. In case of
unmeasured exclusive channels, isospin invariance is assumed in that energy range. At
larger values of
√
s, more exclusive channels open up, so inclusive R measurements are
necessary. The energy region between 2.0 and 4.6 GeV is rich of resonances and has
transitions between the smooth continuum regions and the resonances. Figure 4.8 shows
a comparison of BES [64] and KEDR data [65], as well as the perturbative QCD (pQCD)
prediction between 2.0 and 3.7 GeV. Agreement within uncertainties is found. It should
be noted that the most recent KEDR analysis [66] in the energy interval between 3.08
and 3.72 GeV is not yet included.
Regarding the hadronic vacuum polarization contribution to (g − 2)µ, theorists deal
with the R values in the energy region above 1.8 GeV in different ways. Ref. [5] uses
in the dispersive evaluation inclusive R values measured above 1.937 GeV. In the energy
interval from 1.8 to 3.7 GeV, the contribution to the uncertainty of the muon anomaly
aµ is found to be 0.56 × 10−10, which is roughly a factor of 3 smaller than the expected
accuracy δaµ(exp) = 16 × 10−11 of the new direct measurements of aµ. In Ref. [7] four-
loop pQCD is used in the energy region between 1.8 and 3.7 GeV, resulting in a theory
uncertainty of 0.65×10−10. The open charm region between 3.7 and 5 GeV is governed by
broad resonances. Its contribution to aµ is computed with experimental data. However,
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Figure 4.8: The hadronic R(s) ratio in the continuum region below the DD¯ threshold.
Shown are the results from BES and KEDR as well as their average (shaded band). The
solid line shows the pQCD prediction. Plot taken from Ref. [7].
Table 4.1: The aHVP,LOµ for
√
s in [1.841, 2.0] GeV by different inputs in this region.
Numbers are taken from Ref. [5].
input aHVP,LOµ (×1010)
Exclusive sum 6.06 ± 0.17
Inclusive data 6.67 ± 0.26
pQCD 6.38 ± 0.11
Exclusive(< 1.937 GeV) + inclusive(> 1.937 GeV) 6.23 ± 0.13
the contribution is found to be very small (0.11 × 10−10 in Ref. [5] and 0.03 × 10−10 in
Ref. [7]). At even higher energies, either experimental data (for instance in the bottomo-
nium region) or pQCD are used for the evaluation of the hadronic vacuum polarization.
The uncertainties of these contributions are below the level of 0.10× 10−10.
The transition region between sum of exclusive channels and inclusive R data, is
of interest and deserves re-examination. Table 4.1 summaries the aHVP,LOµ at [1.841,
2.0] GeV by different inputs in this region [5]. The results from inclusive data and pQCD
calculations agree within uncertainty, and disagree with that from exclusive sum. Hence,
precise measurements of R data with exclusive sum and inclusive method are important
to choose transition point between sum of exclusive channels and inclusive R data, and
test pQCD prediction on R value in transition region. A new scan measurement between
1.8 and 2.0 GeV is useful to answer these questions.
Compared to (g − 2)µ, the impact of inclusive R data on the running of the electro-
magnetic fine structure constant is much more pronounced as higher energy scales are
very relevant in the dispersion integral for ∆αem. In fact, in the case of ∆αem, the total
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uncertainty of 1.11 × 10−4 cited in Ref. [5] stems almost entirely from the energy range
between 1.19 and 11.20 GeV, which amounts to (82.82 ± 1.05) × 10−4. While Ref. [5]
follows a more data-driven approach to calculate ∆αem, the evaluation by Davier et al.
in Ref. [7] relies on pQCD calculations for the R value in the energy range between 1.8
and 3.7 GeV. Above 3.7 GeV, up to 5.0 GeV, experimental information on R is used. In
this energy range an experimental uncertainty of 0.67 × 10−4 out of a total uncertainty
for ∆αem of 0.9 × 10−4 is found. This strongly motivates new data on the inclusive R
ratio in the energy range covered by BESIII. The role of BESIII is twofold: on the one
hand the data can prove the validity of pQCD in the description of R as required by a
theory-based evaluation of ∆αem; On the other hand the data can be directly used as
input in the dispersion integral in a data-driven approach.
In order to improve the knowledge of R, the BESIII collaboration has recently carried
out a series of energy scans in the range between 2.0 and 4.6 GeV with in total 130 energy
points with total integrated luminosity about 1300 pb−1. The total hadronic event yield
exceeds 105 events at each energy, such that the accuracy of the data will be entirely
dominated by systematic uncertainties. The goal of the BESIII experiment is to arrive at
a total accuracy of the hadronic R ratio of at least 3%. A similar systematic accuracy has
already been achieved in Ref. [65] at KEDR. The analysis of the data is currently ongoing,
and preliminary result showes dominant uncertainy is by hadronic event generator, which
is also a major challenge to describe 105 hadronic events at each energy. MC simulation
programs based on theoretical descriptions of string fragmentation functions exist, like
the LuArLw generator [67]. The KEDR collaboration used LuArLw generator, which
was employed by the BES collaboration. With 105 hadronic events at each energy, the
LuArLw generator is optimized and tunned. At the same time, a precise description
of the total hadronic events in one event generator has been proposed. Making use
of the existing measurements of many exclusive hadronic final states, event generator
ConExc [68], which can deal with imprecise exclusive part of the LuArLw generator,
have been considered as an alternative. Hence, a more data-driven approach to the
description of the total hadronic events is identified.
The energy range between 3.85 and 4.6 GeV have rich charmonium and charmonium-
like states. Because the collected scan data have small energy step, we could extract
resonaces parameters by precisely measured R values. BES collaboration did similar
work [64], but results have large uncertainty and model dependence. With more studies
on these charmonium and charmonium-like states, R results could be further improved.
4.2.5 Measurements of meson transition form factors
The main motivation for the proposed program of precision measurements of meson
TFFs at BESIII is to constrain the HLbL contribution to the level set by the forthcoming
(g − 2)µ experiments at FNAL and J-PARC of δaµ = 1.6 × 10−10, in order to allow for
a meaningful interpretation of these new measurements. Depending on the analysis of
the hadronic contributions [7, 43] the present SM uncertainty amounts to δaµ(SM) =
±(49 − 58) × 10−11, which significantly exceeds the future experimental accuracy. This
motivates an intense activity to reliably estimate contributions of hadrons to aµ.
The leading diagram of the HLbL contribution is given by pseudoscalar meson ex-
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Figure 4.9: The leading terms in the hadronic light-by-light scattering (HLbL) contribu-
tion to the anomalous magnetic moment of the muon are given by the exchange of light
pseudoscalar mesons as depicted by the dashed line.
change as shown in Fig. 4.9. Unlike the HVP contribution, in most of the existing es-
timates of the HLbL contribution, the description of the non-perturbative light-by-light
matrix element is based on hadronic models rather than determined from data. These ap-
proximations are based on a requirement of consistency with the asymptotic constraints of
QCD, and predict that the hadronic corrections are dominated by long-distance physics,
namely due to exchange of the lightest pseudoscalar states. Unfortunately, a reliable esti-
mate based on such models is possible only within certain kinematic regimes. This results
in a large, mostly uncontrolled uncertainty of aµ.
In order to reduce the model dependence, data-driven approaches for the HLbL contri-
bution to aµ have been proposed. Sum rules and a dispersive formalism can furthermore
provide powerful constraints on the hadronic light-by-light scattering and its contribution
to aµ. Measurements of meson TFFs are used as input in such data-driven approaches. As
will be discussed below, essentially all the relevant channels in the spacelike and timelike
regions can be studied at BESIII.
TFFs describe the effect of the strong interaction on the γ∗γ∗M vertex, where M =
pi0, η, η′, ηc . . .. They are represented by functions FMγ∗γ∗(q21, q
2
2) of the photon virtualities
q21 and q
2
2. For the case of pseudoscalar mesons, there is one such function [44, 45]. For
scalar, axial-vector, or tensor mesons, the γ∗γ∗M vertex contains in general several such
TFFs.
The spacelike region of the TFFs is accessed at e+e− colliders by means of the two-
photon-fusion reaction e+e− → e+e−M (left panel in Fig. 4.10), where at present the
measurement of both virtualities is still an experimental challenge. The common practice
is to extract the TFFs when one of the outgoing leptons is tagged and the other is assumed
to escape detection along the beam axis (single-tag method). The tagged lepton emits
a highly off-shell photon with a transferred momentum q21 ≡ −Q2 and is detected, while
the other, untagged, is scattered at a small angle with q22 ' 0. The TFF extracted from
the single-tag experiment is then FMγ∗γ∗(Q
2, 0) ≡ FMγ∗γ(Q2). The timelike region of
the TFFs can be accessed at meson facilities through the single Dalitz decay processes
M → l+l−γ, which contain a single virtual photon with a transferred momentum in the
range 4m2l < q
2
1 < m
2
M (with ml the lepton mass and mM the meson mass) whereas q
2
2 = 0
(middle panel in Fig. 4.10). To complete the timelike region, e+e− colliders provide access
to the values q2 > m2M through the e
+e− → Mγ annihilation processes (right panel in
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Figure 4.10: The meson TFFs in the spacelike region (left panel) as accessed through
the γ∗γ∗ annihilation process, and in the timelike region as accessed through the γe+e−
Dalitz decay (middle panel) and through e+e− annihilation into Pγ (right panel), where
P stands for a pseudoscalar meson.
Fig. 4.10).
Besides their relation to the anomalous magnetic moment of the muon, the pseu-
doscalar meson TFFs provide a unique window on several symmetry-breaking mecha-
nisms in QCD. In the limit of massless light quarks (u, d, s), i.e., the chiral limit, the
QCD Lagrangian exhibits an SU(3)L × SU(3)R chiral symmetry which is spontaneously
broken to SU(3)V , giving rise to 8 pseudoscalar Goldstone bosons (pi,K, η). The QCD
Lagrangian has in addition two other global symmetries: the U(1)V symmetry leading
to the conservation of baryon number, and the U(1)A symmetry which is anomalous.
Since the flavor-singlet axial-vector current is not conserved in the presence of this U(1)A
anomaly, the η′ mass does not vanish in the chiral limit. In the massless u, d, s quark
world (with the other three quarks infinitely heavy), the massive η′ would be a pure
flavor-singlet state η0 ≡ (uu¯+ dd¯+ ss¯)/√3. In the real world, however, the SU(3)V flavor
symmetry is explicitly broken by the quark masses, which causes a mixing among pi0, η,
and η′ [52]. In the isospin limit (mu = md), the pi0 can be identified as a pure isotriplet
state (uu¯−dd¯)/√2. In the absence of the U(1)A anomaly (large-Nc limit of QCD), the two
isosinglet pseudoscalar mass eigenstates would consist of (uu¯+ dd¯)/
√
2 and ss¯ (so-called
ideally mixed states). The U(1)A anomaly mixes these quark flavor states towards the
physical η and η′ mesons, which are closer to the flavor octet η8 ≡ (uu¯ + dd¯ − 2ss¯)/√6
and flavor singlet η0 states, respectively. This mixing in the η − η′ system is probing the
strange quark content of the light pseudoscalars as well as the non-perturbative gluon
dynamics of QCD, responsible for the U(1)A anomaly. The mixing can also be related
to physical observables [52–54], in particular through the M → γγ decay widths and the
γ∗γ∗M TFFs.
Based on the experience obtained so far at BESIII, world-leading results in the field of
meson TFFs have already been obtained with the existing data, as will be elaborated in
the following. The overall goal of the BESIII program is to provide the first precision
measurements of the TFFs of pseudoscalar mesons, of the pipi, piη and ηη systems, as well
as axial and tensor mesons at small momentum transfers. A future data set of additional
20 fb−1 taken at
√
s = 3.773 GeV will make a first measurement of the double-virtual TFF
of the lightest pseudoscalar mesons with high accuracy possible.
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• Single-tag pseudoscalar TFFs, spacelike
The first BESIII publication of the spacelike TFF of the pi0 meson will be based
on the 2.9 fb−1 data sample obtained at a cms energy of 3.773 GeV. Preliminary
results for the analysis are presented in Fig. 4.11. As described above, for single-tag
events, one of the beam particles (electron or positron) is tagged in the detector.
By detecting two photons from the pi0 decay, the missing momentum can be derived
for the missing positron (electron), which is further required to be scattered at very
small angles. By fitting the γγ invariant mass distribution in bins of Q2, one obtains
the differential cross section dσ/dQ2 for the signal process,which is proportional to
|F (Q2)|2.
Figure 4.11 shows the product Q2|F (Q2)| as measured by BESIII together with
existing data from CELLO [55] and CLEO [56]. Note that recent BaBar [57] and
Belle [58] data could only access the Q2 range above 4 GeV2, and hence, are not
displayed. The BESIII analysis covers the entire Q2 range between 0.3 GeV2 and
3.1 GeV2, which significantly improves the accuracy upon existing data sets. The
accessible range of momentum transfer is limited by the detector acceptance for the
decay photons of pi0 at lowest values of Q2 and by statistics at largest values of Q2.
Existing data taken in the scope of the R measurement, discussed in Sec. 4.2.4, will
be used to extend the covered regions of momentum transfers down to approximately
0.1 GeV2. A future data set of additional 20 fb−1 at 3.773 GeV will help to extend
the covered range of momentum transfer up to approximately 10 GeV2, which will
allow to test the discrepancy in the results of the B-factories, i.e., the so-called
BaBar-Belle puzzle.
The current preliminary results are in very good agreement with recent theoretical
calculations using dispersion relations [59] or LQCD [60]. The data have also been
considered in a recent review of the HLbL contribution to aµ [61], where it was
demonstrated that they contribute to a significant reduction of the uncertainties.
First feasibility studies of the η and η′ TFF measurements have been performed at
BESIII. So far only individual decay modes have been considered to reconstruct the
mesons from the same data that is used for the pion TFF measurement. The covered
range of momentum transfer at BESIII is found similar to the pi0 TFF result with
an accuracy similar to what has been reported from previous measurements [55, 56].
A final result will make use of all major decay modes of both mesons and combine
the existing and future data sets to obtain results of highest accuracy and impact.
• Single-tag pipi, piη, ηη TFFs, spacelike
Besides the lowest-lying pseudoscalar mesons, γγ∗ processes also allow to access the
structure of scalar, axial-vector and tensor mesons through the production of multi-
meson final states. A first measurement at BESIII focuses on the investigation of
the γ∗γ → pi+pi− channel, with one virtual photon. Data at cms energies between
3.773 and 4.6 GeV are combined to perform the studies on an integrated luminosity
of 7.5 fb−1. Figure 4.12 shows the full simulation of 1 fb−1 at
√
s = 4.23 GeV of the
single-tagged analysis of the γγ∗ → pi+pi− after event selection in the three relevant
kinematic variables to study the two-pion system. The dominating background of
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Figure 4.11: Preliminary BESIII measurement of the spacelike pi0 TFF in comparison
with data from CELLO [55] and CLEO [56].
muon production in the reaction e+e− → e+e−µ+µ− is rejected by adapting the
machine learning techniques, successfully used in the pion form factor measurement
discussed in Sec. 4.2.3. The irreducible background contribution due to the timelike
amplitude of e+e− → e+e−pi+pi− is subtracted using MC-derived distributions. The
investigation at BESIII has triggered an improvement of the Ekhara 3.0 event
generator [62], which allows to properly take into account interference effects be-
tween signal and background processes. Thus, a first high-statistics result, at masses
starting from the two-pion mass threshold, at small momentum transfers, and with
a full coverage of the helicity angle of the pion system is obtained at BESIII. In the
threshold region, such data will also provide new empirical information on the pion
polarizabilities.
The analysis of the two-pion system is currently extended to the neutral pion system,
where a complementary result to the recent Belle measurement at large momentum
transfers [63] is expected. Additional, future data will allow to extend the investi-
gations also to piη and ηη systems with high statistics. Furthermore, even higher
multiplicity final states γγ∗ → 3pi, γγ∗ → 4pi or γγ∗ → ηpipi can be performed to pro-
vide relevant information on axial and tensor mesons, like the f1(1285) and a2(1320)
with high accuracy, needed as input for the calculations of the HLbL contribution
to (g − 2)µ.
• Double-tag pi0 TFF, spacelike
In the case that both scattered leptons are identified in the detector, the doubly-
virtual TFF can be accessed. First event sample of this kind has been identified
in the 2.9 fb−1 data set at a cms energy of 3.773 GeV. With improved statistics,
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Figure 4.12: Full simulation of the single-tagged analysis of γγ∗ → pi+pi− at √s =
4.23 GeV. The three relevant distributions of the two-pion system are shown: invari-
ant mass of the pions (top left), momentum transfer Q2 of the tagged lepton (top right),
and helicity angle of the pions cos θ∗ (bottom).
the measurement of the doubly-virtual TFF can be used to compute the pion-pole
contribution to HLbL in a completely model-independent way. Based on a MC
simulation restricted by the geometric acceptance of the BESIII detector only, the
result is expected to cover momentum transfers in the range of 0.3 ≤ (Q21, Q22) ≤
2.2 GeV2. The provided information is crucial to constrain the precision of data
driven calculations of the HLbL contribution to (g − 2)µ [17]. In addition to the
doubly-virtual TFF of pi0, the same information of η and η′ mesons will be measured.
The BESIII result will be complementary to the recent measurement of the doubly-
virtual η′ TFF by the BaBar collaboration [45], which has been obtained at large
momentum transfers only.
• Pseudoscalar TFFs at high Q2, timelike
Up to now, at high momentum transfer the timelike pi0 TFF has not yet been
extracted from the annihilation reaction e+e− → pi0γ. At BESIII it is possible to
access the timelike pi0 TFF in the Q2 range of approximately 20 GeV2, which allows
for a comparison with the spacelike data by BaBar [57] and Belle [58]. In the case of
η and η′, in addition to the comparison to spacelike measurements, the data can be
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compared to a timelike BaBar measurement at Q2 = 112 GeV2 [44]. Comparisons of
this kind allow to test predictions of pQCD, in which it is assumed that the spacelike
and timelike TFFs become identical and in both cases feature a Q−2-dependence
behavior [44].
We stress once more that the BESIII program on meson TFF measurements is of
highest relevance to constrain the HLbL contribution to (g − 2)µ. In a recent review
paper [61], the uncertainty of the pi0 pole exchange contribution was already reduced
significantly, considering the new preliminary data from BESIII. The value for this most
relevant contribution is found to be (5.6 ± 0.2) × 10−10, while previous estimates had
uncertainties in the range of ±(0.9 − 1.2) × 10−10. As mentioned before, the goal is to
achieve a total uncertainty of all hadronic contributions to aµ on the level of 1.6× 10−10.
4.3 Baryon form factors
Baryons provide a unique window to the strong interaction, since they constitute the
simplest system for which the non-Abelian nature of QCD is manifest [69]. The most
well-known baryon species is the nucleon. However, despite being known for more than
a century, and despite its importance as the main contributor to the mass of our visible
Universe, fundamental properties like its mass, spin [70, 71] and structure [72] are difficult
to describe from first principles. This difficulty is a consequence of the non-perturbative
interactions between the quarks inside the nucleon. At this scale, the break-down of
pQCD calls for quantitative predictions from e.g., Chiral Perturbation Theory [73, 74],
Lattice QCD [75] or phenomenological models, e.g., Skyrme models [76, 77].
The inner structure of baryons can be described and studied experimentally on a com-
mon footing through electromagnetic form factors (EMFFs), probed by processes involv-
ing hadrons interacting with virtual photons. The EMFFs are fundamental observables of
non-perturbative QCD and quantify the deviation from the pointlike case. If one-photon
exchange is assumed, the momentum transfer squared q2 of the virtual photon is given
by q2 = (pi − pf )2 < 0. Elastic, or spacelike, form factors (q2 < 0) have been studied
since the 1960’s in electron-nucleon scattering [78]. Spin 1
2
baryons have two form factors,
often referred to as the electric GE and the magnetic GM form factor. In the so-called
Breit frame, these are Fourier transforms of the charge- and magnetization density, re-
spectively. The measured charge density of the neutron is particularly intriguing: though
being negative near the center whilst positive further out can be explained in the simple
quark model by d-quarks clustering in the center surrounded by the u-quark, the drop to
negative values at even larger distances from the center requires more elaborate models
involving e.g., pion clouds [72]. One way to gain further insights into this puzzle is to
replace one or several of the light quarks in the nucleon by heavier ones, i.e., forming hy-
perons, and study how the structure changes [79]. However, since hyperons are unstable,
they are unfeasible as beams or targets, and therefore, do not easily lend themselves to
electron scattering experiments. Instead, their structure can be studied in the timelike re-
gion (q2 > 0) through the electron-positron annihilations, with the subsequent production
of a baryon-antibaryon pair.
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The somewhat abstract timelike form factors can be related to the more intuitive
spacelike form factors by dispersion relations [80]. In particular, spacelike and timelike
form factors should converge to the same value as |q2| reaches a certain scale [81]. For
nucleons, the onset of this scale can be tested by measuring the spacelike and timelike
form factors with great precision and compare them. For hyperons, this is unfeasible due
to the poor experimental access to the spacelike region. However, one can utilize the fact
that timelike form factors can be complex, with a relative phase that polarizes the final
state [81]. For a ground-state hyperon Y , this phase is accessible, thanks to the weak,
self-analyzing decays. The daughter baryon B will be emitted according to the spin of the
mother hyperon Y , giving a decay angular distribution that depends on the polarization
of Y :
W (cos θB) =
1
4pi
(1 + αY Py cos θB). (4.8)
Since spacelike form factors are real, the same must hold for timelike form factors at large
|q2|. Hence, the onset of the scale, at which spacelike and timelike form factors converge
to the same value, can be obtained by finding the scale at which the phase goes to zero.
Also at threshold, the relative phase must be zero. This is because the phase is a
result of interfering amplitudes, e.g., s-waves and d-waves. At threshold, only s-waves
can contribute which means that the phase is zero. Furthermore, the absence of other
waves also imply that the ratio between the electric and the magnetic form factor, i.e.,
|GE/GM | is equal to 1 at threshold.
4.3.1 Formalism
For spin 1
2
baryons produced via one-photon exchange in e+e− → γ∗ → BB¯, the Born
cross section can be parameterized in terms of GE and GM :
σBB¯(s) =
4Cpiα2β
3s
[
|GM(s)|2 + 1
2τ
|GE(s)|2
]
. (4.9)
Here, α=1/137.036 is the fine-structure constant, β =
√
1− 4m2Bc4/s the velocity of the
produced baryon, c the speed of light, s the square of the cms energy, mB the mass of
the baryon and τ = s/(4m2B). The Coulomb factor C is a correction to the one-photon
exchange and describes the electromagnetic interaction between the outgoing B and B¯.
For neutral baryons, C is 1 which in combination with the vanishing phase space β factor,
the cross section should be zero at threshold. For charged baryons, C is typically assumed
to have the value for pointlike charged fermions C = εRS [82], where ε = piαem/β is an
enhancement factor. In this case, the two β factors cancel and as a result, the cross section
becomes non-zero at threshold. The so-called Sommerfeld resummation factor
RS =
√
1− β2/(1− e−piαem
√
1−β2/β) (4.10)
causes the cross section to rise rapidly with the fermion velocity [83].
In many experiments, the data samples are too small to separate between GE and
GM since that requires analysis of angular distributions. In order to compare production
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cross sections of different baryon-antibaryon pairs for equivalent kinematic conditions, the
effective form factor is defined:
|G(s)| ≡
√
σBB¯(s)
(1 + 1
2τ
)(4piα
2β
3s
)
≡
√
2τ |GM(s)|2 + |GE(s)|2
2τ + 1
.
(4.11)
In order to extract the relative phase, a full spin decomposition of the reaction is need-
ed. The formalism has been outlined in Refs. [84, 85]. In particular, the Λ transverse
polarization Py is given by:
PY =
√
1− η2 sin θ cos θ
1 + η cos2 θ
sin(∆Φ), (4.12)
where η is an angular distribution parameter related to the form factor ratio R by η =
(τ −R2)/(τ +R2). The polarization PY can be extracted from Eq. (4.8).
The formalism presented outlined so far is based on the assumption that one-photon
exchange dominates the production mechanism. It has been discussed whether two-photon
exchange contributes to the production mechanism, leading to interference effects that re-
sults in an additional term κ cos θ sin2 θ in the angular distribution [86]. As a consequence,
the scattering angle distribution of the produced baryon will be slightly asymmetric. This
is quantified by the asymmetry
A = N(cos θ > 0)−N(cos θ < 0)
N(cos θ > 0) +N(cos θ < 0)
. (4.13)
It is related to the κ parameter in the following way:
A = 3
4
κ
3 + η
, (4.14)
where η is the same as in Eq. (4.12) [87]. The asymmetry A is straight-forward to
measure and offers a convenient way to study the importance of two-photon exchange in
the timelike region.
4.3.2 State of the art
Proton EMFFs have been studied extensively in the spacelike region [78]. In particular,
the development of the polarization transfer technique [88] in the late 1990’s led to a
veritable leap forward of the field, enabling a model independent separation of electric
and magnetic form factors. The best precision of the ratio |GE/GM | obtained with the
new technique is σp|GE/GM | = 1.7%, achieved at JLab [89]. The previously employed
Rosenbluth separation technique [90] relies on one-photon exchange and comparing data
obtained with the two methods shows a large and energy-dependent disagreement. The
leading explanation is the effect from two-photon exchange [91, 92].
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The timelike region became accessible with the advent of high-precision, high-intensity
electron-positron colliders at intermediate energies. The world data on e+e− → pp¯ are
shown in Fig. 4.13. An advantage of electron-positron annihilations is the charge sym-
metry, which makes the measurements less sensitive to higher order processes such as
two-photon exchange. However, the precision acquired so far has until recently not been
compatible with that of the spacelike region [93]. The most precise measurements from
BaBar (in e+e− → pp¯ [94]) and PS170 (in p¯p → e+e− [95]) achieved σp|GE/GM | ≈ 10%
and differ by more than 3σ (bottom left panel of Fig. 4.13). Recent data from BESIII
obtained with a beam energy scan [96] and the radiative return or ISR method [97] agree
with the BaBar measurements. New data from BESIII, collected in a high-precision
energy scan in 2015, will offer improved precision over a large q2 range.
The cross section and effective form factor show interesting features, as can be seen
in the top and bottom left panels of Fig. 4.13. The BaBar collaboration reported an
oscillating behavior [94, 99] that was recently confirmed by BESIII [97]. This becomes
particularly striking when being studied as a function of the relative momentum between
outgoing proton and antiproton. More high-precision data are needed to establish this
elusive feature at the level of many standard deviations.
The large amount of high-quality data on proton EMFFs has inspired the theory com-
munity to develop various approaches to nucleon structure, based on Chiral Perturbation
Theory [100], Lattice QCD [101], Vector Meson Dominance [102], relativistic Constituent
Quark Models [103] and pQCD [104].
While experiencing an era of great progress on proton timelike EMFFs, corresponding
data for its isospin partner, the neutron, remain a challenge. This is primarily due to
the difficulty in identifying and reconstructing the neutron and antineutron from the
e+e− → nn¯ process. The cross section has been measured by the SND [111] experiment up
to 2 GeV and by the FENICE experiment [112] between 2 and 3 GeV. FENICE collected
only a small amount of data and identified the n¯ by the time-of-flight method and the
annihilation pattern in the detector. The ratio Rnp = σ(e
+e− → nn¯) / σ(e+e− → pp¯)
is expected to be close to 1 if the process is dominated by the isoscalar or isovector
amplitude. In a picture where the production cross section is proportional to the square
of the leading quark charge (u quark in the case of the proton and d quark in the case
of the neutron), the ratio should instead be close to 0.25. More elaborate predictions are
presented in Refs. [113, 114]. More precise data could shed further light on this issue.
Also hyperon EMFFs has been a fairly unexplored territory until recently. The cross
section of the e+e− → Y Y¯ process (Y referring to various ground-state hyperons) has
been studied by DM2 [115], BaBar [116], BESIII [117] and CLEO [118]. The latter mea-
surement compared the production of several different ground-state hyperons, including
the Ω−, and interpreted the results in terms of di-quark correlations. The idea that
certain configurations of flavor, spin and isospin of two quarks inside a hadron have im-
portant impacts on the structure of hadrons, which has been discussed since long [119].
In particular, the effects on Λ and Σ structures are outlined in Ref. [120]. However, it
is difficult to draw definite conclusions from CLEO, since all data points coincided with
charmonium resonances (ψ(3686), ψ(3770) and ψ(4170)). Hence, interference effects may
be important, which makes an unambiguous interpretation difficult.
Due to limited sample sizes, the electric and the magnetic form factors could not be
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Figure 4.13: Top left: world data on e+e− → pp¯ cross section. Top right: the effective
proton timelike form factor. Bottom left: world data on R = |GE/GM |. Bottom right:
effective form factor after subtracting the fitted line in the top right panel. The data are
from BESIII [96, 97], BaBar [94], CMD3 [105], BES [106], FENICE [107], E760 [108],
E835 [109], PS170 [95] and DM2 [110].
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BESIII BESIII
Figure 4.14: BESIII results of |GE/GM | and ∆Φ compared with theoretical predictions.
Here, the values obtained using the PDG value for αΛ has been used since that was used
for the theory predictions. The five lines are different ΛΛ¯ potentials, seen in [121]. Black
dots are results of BaBar [116], and red dots are measurements by BESIII.
separated with any conclusive precision in neither of the aforementioned experiments.
However, in a more recent measurement from BESIII, dedicated data at q = 2.396 GeV/c
enabled a complete spin decomposition of the e+e− → ΛΛ¯ reaction, including measure-
ment of the polarization and spin correlations. From this, it was possible to not only
separate between the Λ electric and magnetic form factors, but also to determine the
relative phase between |GE| and the |GM | for the first time. It was found to be signif-
icantly different from zero [122]. The prospect of measuring the relative phase ∆Φ of
the Λ hyperon by BESIII have triggered the first theory predictions based on various ΛΛ¯
potential models [121]. It was found that the phase is more sensitive to the potential
than the |GE/GM | ratio, that in turn is more sensitive than the cross section. The theory
predictions, as well as the measured values, are shown in Fig. 4.14. Note that the theory
predictions were made assuming the old PDG value (from before 2019) of the Λ decay
asymmetry parameter, αΛ = 0.642. The data are therefore rescaled to the old value. In
Ref. [122], the phase is obtained with the 2019 update of the αΛ from PDG, αΛ = 0.750.
The effective form factor of the Λ+c EMFFs have been obtained from measurements at
Belle [123] and BESIII [124]. Furthermore, BESIII also measured the ratio R between the
Λ+c electric and magnetic form factors. In this measurement, as well as in measurements
of the proton and Λ hyperon EMFFs near threshold, interesting features can be discerned:
the cross section undergoes a sharp rise close to threshold, followed by a plateau in the
case of the positively charged proton [94, 105, 125] and Λ+c [124]. Various FSI models have
been employed to explain this behavior [126]. In the case of the Λ+c , where there is some
discrepancy between data from Belle and BESIII, the cross section has been studied with
a theory model taking into account the Y (4630) resonance [127]. The threshold of the
neutral Λ is particularly interesting. The cross section of e+e− → ΛΛ¯ decreases after its
sharp rise [117]. This sharp rise, that is similar to the behavior of the e+e− → nn¯ [111],
is difficult to explain with Eq. (4.9), since the Λ is neutral which means that C = 1 and
88 CHAPTER 4. R VALUES, QCD AND τ PHYSICS
hence β factor should cause the cross section to vanish at threshold. The nonzero cross
section near threshold, as well as the wide plateau, have led to various interpretations,
e.g., final-state interactions [128], bound states or mesonlike resonances [129], and a gluon
exchange contribution in the resummation factor [130].
4.3.3 Prospects with BESIII
BESIII is uniquely suited for nucleon and strange hyperon form factor studies. It is
currently the only running or planned e+e− experiment that is optimized in the energy
region where nucleon-antinucleon and strange hyperons are produced in abundance. The
capability of detecting and identifying charged and neutral particles, including antineu-
tron, is another advantage. Furthermore, the coming upgrade of the BEPCII collider up
to cms energies of 4.9 GeV will enable structure studies of single-charm hyperons. The
following topics can be addressed within BESIII in the near future:
• EMFF phase measurements of octet hyperons
Comparative studies of baryons with different isospin reveal the inner structure in
terms of possible di-quark correlations [132]. For example, while the quark content of
the Λ and the Σ0 is the same, the isospin of the ud pair is different. As a consequence,
the spin structure should be different. In the case of the Σ+, the isospin of the uu
pair should be the same as that of the ud pair in the Λ. As a consequence, the
cross sections of e+e− → ΛΛ¯ and e+e− → Σ+Σ¯− should be similar, as observed by
CLEO. However, measurements should be performed at energies that do not coincide
with charmonium resonances in order to avoid interference effects. Furthermore,
spin observables should be more sensitive to the underlying quark structure, and
therefore, it would be illuminating to study the EMFF phase for different octet
hyperons. For the Σ triplet, simulation studies show that q = 2.5 GeV/c is optimal
in terms of cross section and reconstruction efficiency to collect a sample of the
required size. The simulation studies show that 100 pb−1 would yield a sufficient
amount of events to extract the phase of Σ+ and Σ0. For the cascade doublet (Ξ−
and Ξ0), the corresponding optimal point is located at q = 2.8 GeV/c.
• Energy dependence of the EMFF phase of the Λ hyperon
Preliminary calculations of the energy dependence of the Λ EMFF phase have been
performed [133] in an attempt to predict the spacelike EMFFs. However, the calcula-
tions call for measurements in more data points in order to constrain the predictions.
Presently, the only conclusive measurement is obtained at q = 2.396 GeV/c. The
analysis of these data, as well as simulations at other energy points, show that data
samples of ≈100 pb−1 are required to achieve the necessary sample size. At low ener-
gies, collecting such data samples is time consuming and the points should therefore
be chosen very carefully. The data samples at 2.5 GeV and 2.8 GeV, proposed in the
previous bullet point, synergize well with the relevant criteria since the cross section
at these points [116] should be sufficiently large for successful measurements.
• Neutron EMFFs
The analysis of energy scan data from BESIII, collected in 2015, shows that the
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Figure 4.15: Top left: the e+e− → pp¯ Born cross sections measured with CMD-3 (black
dots from Ref. [105], red squares from Ref. [125]) and BaBar [94] (green open circles).
The solid curve shows the result of the prediction from Ref. [131]. The vertical lines show
the pp¯ and nn¯ thresholds. Top right: world data on e+e− → nn¯ (blue and white points
from SND [111], and green points from FENICE [112]). Bottom left: the e+e− → ΛΛ¯
cross sections near threshold, from BaBar [116] and BESIII [117]. Note that the scale on
the y-axis is logarithmic. Bottom right: the e+e− → Λ+c Λ¯−c cross sections from Belle [123]
and BESIII [124].
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methods for identifying neutron-antineutron final states have relatively low efficien-
cies. In order to determine the EMFFs with good precision, yet larger data samples
are required. This is in line with the proposal of the previous point. In combination
with the data collected in 2015, that are currently being analyzed, this will give a
comprehensive picture of the neutron structure in the timelike region and enable
comparative studies of proton and neutron EMFFs.
• Energy dependence of Λ+c EMFFs With an upgraded BEPCII ring, it will
be possible to perform a precision scan from the Λ+c Λ¯
−
c threshold and up to
q = 4.9 GeV/c. The observed discrepancy between Belle and BESIII can be in-
vestigated and the possible importance of the Y (4630) resonance can be reviewed.
Furthermore, it will be possible to study the EMFF ratio and phase, as outlined in
the Charm chapter.
• Threshold behavior of octet baryons
In addition to the samples collected during 2015 at each baryon-antibaryon thresh-
old, currently being analyzed, additional samples are needed just below and slightly
above each threshold. In this way, possible systematic effects can be detected and
taken into account and the observed behavior can be cross-checked. By compar-
ing baryons of different charge, deeper insights can be gained and the relation to
possible resonances or interactions at quark level can be established. In particular,
a scan around the Σ+Σ¯− threshold with about 20 pb−1 per point would be very
illuminating.
• Contribution from two-photon exchange
A contribution from two-photon exchange would show up as an asymmetry in the
scattering angle distribution. This asymmetry has been measured in Ref. [122] and
was found to be consistent with zero, though with a large uncertainty. Other baryon
channels, for example pp¯, where the sample sizes are larger for a given integrated
luminosity, can reach a precision where possible effects from two-photon exchange
can be revealed. This is particularly true if more data can be collected at some
off-resonance energies.
• Baryon form factor by ISR method
The large amount of data that are planned to be collected at energies larger than
3.7 GeV enables studies of baryon EMFFs by the ISR method. This is particularly
valuable close to threshold, and special event selection techniques are needed by
energy scan method around baryon threshold. However, away from threshold, the
statistical precision is generally better when using the energy scan method. e.g.,
proton study by ISR method [97] and energy scan method [98]. Measurements of
the form factor ratio and phase benefit from data collected at well-defined energies
with the scan method. This is because the uncertainty in energy that is inevitable
with the ISR method, propagates to the uncertainty in the ratio and the phase.
4.4. FRAGMENTATION FUNCTION 91
0,2 0,4 0,6 0,8
0,0
0,1
0,2
0,3
0,4
0,5
0,6
_zD
s
 
 
 
 
0,2 0,4 0,6 0,8
0,00
0,05
0,10
0,15
0,20
_zD
u
 
 
 
 
0,2 0,4 0,6 0,8
0,00
0,05
0,10
0,15
0,20
zD
g
z
 
 
 
 
0,2 0,4 0,6 0,8
0,00
0,05
0,10
0,15
0,20
 NLO LSS
 NLO DSS
 NLO HKNS
z
Q2 = 4 GeV2
zD
u
 
 
 
 
Figure 4.16: Comparison between NLO LSS, DSS and HKNS Kaon fragmentation func-
tions at Q2 = 4 GeV2, taken from Ref. [140].
4.4 Fragmentation function
The fragmentation function Dhq (z) describes the probability of a hadron h to be found
in the debris of a quark (or antiquark), carrying the fraction z of the quark energy. Dhq (z) is
an inherently non-perturbative object governing hadronization. It cannot be deduced from
first principles, but can be extracted from experimental data [134, 135]. Fragmentation
functions are assumed to be universal, i.e., they are not process dependent.
A large amount of data on inclusive hadron production from e+e− collisions has been
collected in a wide energy range 10 ≤ √s ≤ 200 GeV and 0.005 ≤ z ≤ 0.8 [136]. These
data sets, semi-inclusive deep-inelastic scattering (DIS) data and data sets from hadronic
collisions are used to extract a fragmentation function by DSS [137], HKNS [138] and
AKK08 [139]. However, the number of experimental data points is small, and the un-
certainty of experimental data points is large at the few GeV energy region. Figure 4.16
compares the Kaon fragmentation function by different fragmentation function packages;
the favored DK+s¯ (z,Q
2) changes very rapidly between z=0.2 and z=0.3 [140].
A precise determination of fragmentation functions could help to understand the inter-
nal structure of the nucleon. The strange quark polarization puzzle, i.e., the polarization
of the strange quark is positive in the measured region of Bjorken x by semi-inclusive
DIS analyses, where inclusive DIS yields significantly negative values of this quantity. It
is pointed out in Ref. [141] that the polarization of the strange quark extracted from
semi-inclusive DIS analyses is very sensitive to the input fragmentation functions. The
semi-inclusive DIS process is used to study the proton spin at the upgraded JLab-12 [142]
and the future Electron-Ion Collider [143]. Thus, a better knowledge of fragmentation
functions is needed.
DIS experiments have performed detailed studies of the transverse momentum depen-
dence (TMD) by semi-inclusive processes. They describe cross sections in terms of TMD
parton density functions (PDF) and fragmentation functions. The TMD fragmentation
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functions Dhq (z, P
2
h⊥, Q
2) describes a fragmentation process of an unpolarized parton q
into an unpolarized hadron h, which carries the longitudinal-momentum fraction z and
transverse momentum Ph⊥ in the process. In order to understand TMD PDFs, knowl-
edge of the TMD fragmentation functions is needed. Unfortunately, the determination of
unpolarized TMD fragmentation functions is still missing [144]. With data from the B
factories and BESIII, we could extract these required TMD fragmentation functions.
The Collins fragmentation function describes spin-dependent effects in fragmentation
processes [145]. It connects transverse quark spin with a measurable azimuthal asymmetry
(so-called Collins effect) in the distribution of hadronic fragments along the initial quark’s
momentum. This azimuthal asymmetry has been reported in semi-inclusive DIS and e+e−
annihilation [144], where the Collins effect is studied in e+e− annihilation by detecting
simultaneously two hadrons, coming from fragmentation of quark and antiquark, in the
process e+e− → h1h2 + X. In this case, the observable is associated with two Collins
fragmentation functions.
The e+e− Collins asymmetries taken from Belle and BaBar correspond to higher Q2(≈
100 GeV2) than the typical energy scale of existing DIS data (mostly 2−20 GeV2), which is
similar to that of BESIII. Therefore, the very low cms energies reached at BESIII allow to
investigate energy scaling. The results are crucial to explore theQ2 evolution of the Collins
fragmentation function and further uncertainty of extracted transversity, thus improving
our understanding of both the Collins fragmentation function and transversity [146].
The Collins asymmetries for pion pairs have been obtained at BESIII using data
collected at
√
s = 3.65 GeV which correspond to an integrated luminosity of 62 pb−1 [147].
Figure 4.17 compares the Collins effect measured by BESIII, BaBar and Belle. The
measured asymmetries are almost consistent with zero for low (z1, z2), and rise with
increasing z. The BESIII asymmetry in the last interval, is about two/three times larger
compared to measurements from the B factories. Additional results are needed to confirm
this observation with about 250 pb−1 data at 3.65 GeV. The Collins effect for strange
quarks could be studied in e+e− → piK +X and e+e− → KK +X. It is also interesting
to study the Collins effect in e+e− → pi0pi0 + X, e+e− → ηη + X and e+e− → pi0η + X
for neutral hadrons. These results are useful to extract TMD PDFs.
4.5 τ physics at BESIII
Since the discovery of τ lepton in 1975 at SPEAR e+e− storage ring [148], the study of
τ lepton has been measured extensively. The properties of the τ lepton, including mass,
lifetime and decays, have been tested sensibly [149]. As a member of the third fermion
generation, it decays to the first and second generation fermions. The pure leptonic or
semileptonic character of τ decays provides a clean laboratory to test the structure of the
weak currents and the universality of their couplings to the gauge bosons. Moreover, τ
being the only lepton massive enough to decay into hadrons, the semileptonic decays are
an ideal tool for studying strong interactions.
The BEPCII is a τ -charm factory with a cms energy ranging from 2.0 to 4.9 GeV,
and a design peak luminosity of 1033 cm−2 s−1 at the cms energy of 3.773 GeV. The
great advantage of BEPCII lies in running near threshold of τ pair, which provides us an
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Figure 4.17: Comparison between the BESIII, BaBar and Belle measurements of the
Collins effects. The detailed definition for the axis can be found in Ref. [147].
excellent opportunity for τ lepton physics. Comparing with other machines, the threshold
region makes possible a much better control of background and systematic uncertainty
for measurements.
There are three energy regions appreciated for researches. The first is below the τ pair
production threshold, say 3.50 GeV, where the light quark background can be measured,
and the result can be extrapolated to the other energy regions. The second is at the
production threshold, such as 3.55 GeV, where τ lepton pair are produced at rest. It is
an unique energy to study the τ decays. The third region is above the τ pair production
threshold, which can be further classified into two cases. The one case is below the
production of open charm, say 3.69 GeV, where the background is same as described at
the below threshold region; the other is at 4.25 GeV, where the cross section of τ pair
production is at the maximum, while charm background should be considered in addition
to the light quarks background.
Figure 4.18 shows the production cross section and R ratio for τ pairs in the region of
BEPCII. The luminosity at the τ lepton threshold is about 0.3×1033 cm−2s−1. Therefore
several hundred thousand τ lepton pairs will be produced in a running year (about six
months). In the past years, BESIII had taken about one month data near τ lepton
pair production threshold: about 150 pb−1 has been obtained. Comparing with the
experiments at higher energy regions, such as B factories and LHC, BESIII does not have
advantage at statistics. An immense amount of data have been obtained by high energy
experiments, many measurements are performed pretty precisely. The running energy of
BEPCII is low, the produced τ leptons are almost stationary, and the hardware does not
allow us to measure the life time of the τ lepton accurately.
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Figure 4.18: Top: Production cross section for τ pairs. Bottom: The R-ratio showing
the expected background from quark production (from PDG). Cross section and R values
are shown versus the cms energy in GeV on identical scales.
The advantages of BEPCII are the experimental condition: the machine runs near
the threshold of τ pair production, the background is pretty simple and the systematic
uncertainties can be controlled easily. The beam energy spread of BEPCII is small, about
1-2 MeV. Moreover, beam energy measurement system (BEMS) was built to determine
the energy and energy spread accurately. Therefore, BESIII has unique advantage to
perform the τ mass measurement.
4.5.1 Measurement of the τ mass
The τ is one of three charged elementary leptons in nature, and its mass is an important
parameter of the Standard Model. The improvement of accuracy of τ mass (mτ ) is needed
in its own right. Listed as follows are the measured mass values of three leptons according
to PDG2012 [151]:
me = 0.510998910 ±0.000000013 MeV (δme/me ≈ 2.554× 10−8) ,
mµ = 105.658367 ±0.000004 MeV (δmµ/mµ ≈ 3.786× 10−8) ,
mτ = 1776.82 ±0.16 MeV (δmτ/mτ ≈ 9.568× 10−5) .
(4.15)
It can be seen that the accuracy of mτ is almost four orders of magnitude lower than that
of the other two leptons. The accuracy of electron and muon masses is already at the
level of 10−8.
One well-known motivation for obtaining an accurate value of mτ is found in the test of
lepton universality. Lepton universality, a basic ingredient of the Standard Model, requires
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that the charged-current gauge coupling strengths ge, gµ, gτ are identical: ge = gµ = gτ .
Comparing the electronic branching fractions of τ and µ, lepton universality can be tested
as: (
gτ
gµ
)2
=
τµ
ττ
(
mµ
mτ
)5
B(τ → eνν¯)
B(µ→ eνν¯)(1 + FW )(1 + Fγ), (4.16)
where FW and Fγ are the weak and electromagnetic radiative corrections [152]. Note that
(gτ/gµ)
2 depends on mτ to the fifth power.
Furthermore, the precision of mτ will also restrict the final sensitivity of mντ . The most
sensitive bounds on the mass of the ντ is derived from the analysis of the invariant-mass
spectrum of semi-hadronic τ decays. At present, the best limit of mντ < 18.2 MeV/c
2
(95% confidence level) is based on the kinematics of 2939 (52) events of τ− → 2pi−pi+ντ
(τ− → 3pi−2pi+(pi−)ντ ) [153]. This method depends on the determination of the kinematic
end point of the mass spectrum, thus, high precision on mτ is needed.
Another test also depends only on the accuracy of mτ . An interesting formula related
to the three leptons masses was discovered in 1981 [154]:
me +mµ +mτ =
2
3
(
√
me +
√
mµ +
√
mτ )
2 . (4.17)
According to the error propagation formula (fm indicates the difference between the right
and left sides of Eq. (4.17))
δfm =
√√√√ ∑
k=e,µ,τ
[
mk − 2
3
(
∑
i=e,µ,τ
√
mkmi)
]2
·
(
δmk
mk
)2
≈ 1
3
δmτ , (4.18)
which indicates that the test of Eq. (4.17) depends almost merely on the accuracy of mτ .
The measurement of the τ mass has a history of more than forty years. In the first
experimental paper on the τ lepton [148], mτ is estimated to have a value in the range from
1.6 to 2.0 GeV/c2. Since then, many experiments have been performed measurements of
mτ [155–170], whose results are displayed in Fig. 4.19.
The results of mτ measurements in the 21
st century are summarized in Table 4.2, where
two results were acquired using the method of pseudo-mass, while other experiments used
the method of threshold scan. For the pseudo-mass method, the huge amount of data
acquired at the B-factories is employed [167]. Good statistical accuracy is achieved, but
large systematic uncertainty exists, which is mainly due to the absolute calibration of the
particle momentum. For the threshold-scan method, the value of mτ was extracted from
the dependence of production cross section on the beam energy. In the KEDR experi-
ment [168], both, the resonant depolarization technique and the Compton backscattering
technique [175] are used to determine the beam energy. All these techniques greatly
decrease the uncertainty of beam energy.
Although the accuracy of results from above two methods are at the comparable
level, it is obvious that the pseudo-mass method is already dominated by systematic
errors. Additional data taking will not improve the result. For the threshold-scan method,
however, both the statistic and systematic errors still seem to have room for further
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Figure 4.19: mτ measured in the last and this century. In (a) the red line indicates the
average value of mτ in PDG2000 [171]: mτ = 1777.03
+0.30
−0.26 MeV/c
2. For comparison, the
measured value from BES in 1996 is also plotted in (b) but with blank blue circle for
distinction. The average value of mτ in PDG2015 [172]: mτ = 1776.86 ± 0.12 MeV/c2 is
also indicated by the red line in (b). It should be noted that since PDG1996 [173, 174],
the results from experiments performed before 1990 were removed except for the result of
DELCO.
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Table 4.2: Measurement results of mτ in the 21 century.
Measured mτ (MeV/c
2) Year Exp. Group Data sample Method
1776.91± 0.12+0.10−0.13 2014 BESIII [170] 23.26 pb−1 Threshold-scan
1776.68± 0.12± 0.41 2009 BaBar [169] 423 fb−1 Pseudo-mass
1776.81+0.25−0.23 ± 0.15 2007 KEDR [168] 6.7 pb−1 Threshold-scan
1776.61± 0.13± 0.35 2007 Belle [167] 414 fb−1 Pseudo-mass
improvements. Therefore, the BESIII collaboration adopted the threshold-scan method
to measure the mτ . In this approach it is of utmost importance to determine the beam
energy and the beam energy spread precisely. For this purpose, starting from the year
2007, a high accuracy beam energy measurement system (BEMS) located at the north
crossing point (NCP) of BEPCII was designed, constructed, and finally commissioned
at the end of 2010 [176–180]. Two days were spent to perform a scan of the ψ(3686)
resonance. The mass difference between the PDG value in 2010 and the one measured by
BEMS is 1± 36 keV, the deviation of which indicates that the relative accuracy of BEMS
is at the level of 2× 10−5 [179].
Prior to conducting the experiment, a study was carried out using Monte Carlo (MC)
simulation and sampling to find out the scheme that can provide the highest precision on
mτ for a specified period of data taking time or equivalently for a given integrated luminos-
ity. The main conclusions for the optimization study are summarized as follow [181–185]:
1. For N free parameters, N scan points are sufficient;
2. The optimal position can be obtained by single parameter scan;
3. Luminosity allocation can be determined analytically or by simulation method;
4. The uncertainty of mτ is proportional to the inverse of square root of luminosity.
By virtue of these conclusions, the optimal scan strategy is designed as follows: firstly,
a scan of the J/ψ resonance (scan points 1-7), then a scan in the vicinity of the τ -pair
threshold (scan points 8-12), finally a scan of the ψ(3686) resonance (scan points 13-19).
After that, repeat (in τ -region, the data are taken only at scan points 9 and 10). The
two-round process is designed to understand the stability of accelerator and detector. The
key issue here is to aquire 100 pb−1 data in τ -region to guarantee an uncertainty of mτ
of less than 0.1 MeV/c2. The scan plan and parts of the offline results are summarized in
Table 4.3.
Based on all these full preparations, the BESIII collaboration performed the finer τ
mass scan experiment from April 14th to May 3rd, 2018. The actual data taking time
is around 11.2 days (269 hours). The J/ψ and ψ(3686) resonances were each scanned
at seven and nine energy points respectively, and data were collected at five scan points
near τ pair production threshold with cms energies of 3538.9, 3552.8, 3553.9, 3560.3, and
3599.5 MeV. The first τ scan point is below the mass of τ pair [151], while the other three
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Table 4.3: Scan plan and offline results. Superscript “plan” indicates the planed value
for the scan;“exp” indicates the experimental measured value of scan plan; while “online”
denotes the value from online record. Ebeam and L represent the beam energy and inte-
grated luminosity respectively. (†: the planed values are listed in last two columns; ‡:
the measured values are little different from the expected ones due to the fluctuation of
accelerator.)
Energy order Eplanbeam Lplan Eexpbeam Lonline Eplanbeam (MeV)
Region (MeV) (pb−1 ) (MeV) (pb−1 ) order J/ψ ψ(3686)
J/ψ 1-7 † − ‡ 32.6 1/13 1544.0 1838.0
τ 8 1771.0 14 1769.74 25.5 2/14 1547.8 1841.9
9 1776.6 14+25 1776.43 42.6 3/15 1548.2 1842.5
10 1777.0 14+12 1776.96 27.1 4/16 1548.6 1843.1
11 1780.4 7 1780.18 8.3 5/17 1549.0 1843.8
12 1792.0 14 1800.27 28.8 6/18 1549.4 1844.5
ψ(3686) 13-19 † − ‡ 67.2 7/19 1552.0 1847.0
are above∗.
Using these data samples, the final goal of the finer scan is to obtain the τ lepton mass
with high precision, namely 0.1 MeV, which includes the statistical error and systematical
uncertainties. It is an unprecedented accuracy, and as indicated in the Ref. [186], this is
a challenging task that needs a considerable effort, energy, and great patience.
So far, the statistical uncertainty of mτ measurement is roughly equivalent to the
systematic error. Only after finding a better way to reduce the systematic error, BESIII
would collect more data to improve the precision of mτ further.
4.5.2 Some τ-physics topics at BESIII
As mentioned above, τ is the only lepton heavy enough to decay into hadrons.
Actually, its partial decay width involving hadrons in the final state is about 65%. The
hadronic τ decays turn out to be a beautiful laboratory for studying the non-perturbative
regime of QCD, which will be useful to understand the hadronization of QCD currents,
to study form factors and to extract resonance parameters.
Rare decays of the τ leptons are a very promising area because the interaction is
suppressed and the sensitivity to new physics might eventually be enhanced. In SM,
the suppression of rare τ decays might be due to several reasons: i) Cabbibo suppression:
strange hadronic final states are suppressed with respect to non-strange ones since the |Vus|
element of the CKM matrix enters the description JPC instead of |Vud|; ii) phase space
suppression: because of the larger masses of Kaon and η mesons in the final state, the
phase space should always be suppressed; iii) second-class currents: in hadronic τ decays,
the first-class currents have JPC = 0++, 0−−, 1+− or 1−+ and are expected to dominate.
∗The original two-round process was designed mainly to understand the stability of accelerator and
detector. During the period of mτ scan, the status of accelerator and detector was fairly good, so
two-round process degenerated into no-circle process.
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The second-class currents, which have JPC = 0+−, 0−+, 1++ or 1−−, are associated with
a matrix element proportional to the mass difference between up and down quarks. They
vanish in the limit of perfect isospin symmetry, but are not prohibited by SM, which
indicates the branching fractions of such τ decays at the order of 10−5.
The τ lepton provides a clean means to search for second-class currents, through the
decay mode τ− → pi−ηντ . The pi−η final state must have either JPC = 0+− or JPC =
1−−, both of which can only be produced via second-class currents.
The CLEO collaboration analyzed 3.5 fb−1 data taken at the cms
√
s = 10.6 GeV,
had produced the most stringent limit on τ− → pi−ηντ decays, and set an upper limit
of B(τ− → pi−ηντ ) < 1.4 × 10−4 at the 95% confidence level [187]. Also the BaBar
collaboration analyzed 470 fb−1 data taken at the cms
√
s = 10.6 GeV, studied the decay
τ− → pi−ηντ , and set an upper limit of B(τ− → pi−ηντ ) < 0.99 × 10−4 at the 95%
confidence level [188].
The research on the second-class currents is both promising and challenging. On the
one hand, the energy region of BEPCII is near the τ pair production threshold, and the
background is relatively simple; on the other hand, since our luminosity is pretty low,
even if the τ data are taken at the maximum cross section, say 4.25 GeV, to achieve
considerable precision, 10−4, BESIII has to run for ten years.
The decays of the τ lepton into three pseudoscalar particles can provide information
on hadronic form factors, the Wess-Zumino anomaly, and also can be used for studies
of CP violation in the leptonic sector. By studying decays into final states containing
three Kaons, it can provide a direct determination of the strange quark mass and the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element |Vus|.
The BaBar collaboration [189] have studied the decay mode τ− → K−K+K−ντ , and
obtained the branching fraction B(τ− → K−K+K−ντ ) = (1.58± 0.13± 0.12)× 10−5 by
meas of analyzing the integrated luminosity of 342 fb−1 data at a cms energy near 10.58
GeV using the BaBar detector at the SLAC PEP-II asymmetric-energy e+e− storage ring.
The Belle collaboration [190] also measured the branching fraction of this channel, their
result is (3.29 ± 0.17 ± 0.20) × 10−5, based on a data sample of 666 fb−1 data collected
with the Belle detector at the KEKB, asymmetric-energy e+e− collider of 10.58 GeV. The
difference between the two measurements is larger than 3 standard deviations.
BESIII could perform this measurement if enough data are collected.
4.5.3 Measurement of branching fraction of ψ(3686)→ τ+τ−
The ψ(3686) provides a unique opportunity to compare the three lepton generations
by studying the leptonic decays ψ(3686)→ e+e−, µ+µ−, and τ+τ−. The sequential lepton
hypothesis leads to a relationship between the branching fractions of these decays, Be+e− ,
Bµ+µ− , and Bτ+τ− given by
Be+e−
ve(
3
2
− 1
2
v2e)
=
Be+e−
vµ(
3
2
− 1
2
v2µ)
=
Be+e−
vτ (
3
2
− 1
2
v2τ )
(4.19)
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with vl = [1− (4m2l /M2ψ(3686))]1/2, l = e, µ, τ . Substituting the mass values for the leptons
and the ψ(3686) yields
Be+e− = Bµ+µ− = Bτ+τ−
0.3885
≡ Bl+l− . (4.20)
BES once preformed such a study based on 3.96 million ψ(3686) event sample at the cms√
s = 3686.36 MeV [150]. Now with BESIII data sample, more detailed study can be
expected.
In 2018, BESIII performed a fine ψ(3686) scan at 10 points with totally 67 pb−1 data.
Exploiting with this large sample, instead of using Eq. (4.19), it is possible to measure
each branching fraction separately and test the the relation between them. Further, unlike
BES measurement at single energy point, with lots of scan points, the interference between
the continuum and resonance parts can be measured directly, and even the phase angle
between them. This will be a very technical and interesting work related to τ lepton.
4.5.4 Mass measurement for some hadrons
The mass of τ lepton can be determined precisely by means of BEMS. However not all
masses of hadrons can be determined using BEMS. The details of BEMS can be found in
Refs. [179, 191]. Generally speaking, the allowed region of beam energy for BEMS should
not exceed 2 GeV. On the one hand, to a high-purity germanium detector, the energy of
upper limit for the Compton backscattered photons is 10 MeV; on the other hand, there is
no suitable radiation sources to calibrate the detector for such high energy backscattered
photons. Moreover, the detection efficiency to high Compton backscattered photons is
pretty low. Hence, it is better to measure the masses for hadrons, such as D∗s , Ds0, Ds1,
Λc, Σc using the invariant mass method if we have enough data.
4.5.5 Discussion
Experimentally speaking, measurements involving τ leptons can be divided into three
categories: the mass of τ , the life time of τ and the measurements related to the deter-
mination of branching fraction of τ decay. Except for τ mass measurement, due to the
limitation of data samples, BESIII lacks competitive power in other measurements.
4.6 Relative phase in vector charmonium decays
For many years, there has been evidence of an unexpected phenomenon in the decay
of narrow charmonium resonances. A relative phase of |∆Φ| = 90◦ between the strong
and EM decay amplitudes of J/ψ is observed [192]. In case of the ψ(3686), the available
evidence is less compelling. However, ψ(3686) scan data have been collected at BESIII
and are being analyzed, e.g., e+e− → µ+µ−, KK, ηpi+pi− and baryon pairs. Concerning
the ψ(3770), the phase difference has been measured in a few cases and ∆Φ = −90◦ has
been established [193, 194].
This phase difference, taking into account the aforementioned values, implies ΓP =
ΓEM + Γstrong, with ΓP being the total width of the vector charmonium P . This relation
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might suggest the unconventional hypothesis that the J/ψ is a combination of two reso-
nances, one decaying only through EM processes and another one decaying strongly (see
[192], and references therein).
Currently available data are barely sufficient to determine the absolute value of ∆Φ
for J/ψ in a limited number of decay modes. The process ηpi+pi− is observed with low
statistics in a J/ψ line shape scan of 16 energy points with a total integrated luminosity
of about 100 pb−1, where the fit procedure introduces 11% systematic uncertainty [192].
With ten times more of available scan data, we could obtain a more precise measurement
of ∆Φ. In a few of those cases it might already be possible to determine also the sign
of the relative phase of EM and strong amplitudes. However, in J/ψ decays into baryon
pairs the “magnetic” and “electronic” amplitudes might have different phases.
An intriguing situation has been found in J/ψ → pipi. Due to G-parity violation
a purely strong amplitude should be suppressed. However, the EM amplitude is not
sufficient to explain the partial with of J/ψ → pipi. As a remedy, an amplitude has been
suggested with two gluons and one virtual photon as an intermediate state [195]. In order
to test the hypothesis, it is most interesting to determine the relative phase between the
strong and EM decay amplitudes in the J/ψ → pipi decay. The currently available data
at BESIII, however, do not allow for such investigations yet.
In conclusion, much more data are needed to settle the question of the phase differ-
ence between the strong and EM decay amplitudes of vector charmonium states. If the
aforementioned vector charmonium double nature is confirmed, something important has
been missed in the understanding of the Zweig rule (see Ref. [196] and references therein).
4.7 Study of φ(2170) with the energy scan method
Quarkonia provide a unique platform to study QCD. Substantial progress has been
made over the recent years from the investigation of charmonia (cc¯) and bottomonia (bb¯).
A plethora of interesting new hadronic states were found. New types of hadronic matter,
such as hybrids, multiquark states, and hadronic molecules with (hidden) charm and
bottom quarks are considered in the interpretation [197–199].
The multitude of results from heavier quarkonia leads to the obvious question whether
similar states should exists in the strange sector. However, experimental evidence for a
rich spectrum of strangeonium (ss¯) or new types of hadronic matter with strange quarks
is scarce. Figure 4.20 shows predicted strangeonium states [200] with identified ss¯ res-
onances [8]. Only 10 probable ss¯ resonances out of the 22 expected below 2.2 GeV are
established. A candidate for an exotic type of hadronic matter containing strange quarks
is the φ(2170). At BESIII the φ(2170) can be studied as an intermediate state in char-
monium decays, exploiting the unique statistics of the J/ψ data set, and by performing
a dedicated energy scan around the mass of the φ(2170). Both methods provide unique
opportunities in terms of precision and accuracy necessary to understand the nature of
the φ(2170).
The φ(2170), previously referred to as the Y(2175), has been observed in e+e− →
φf0(980) at B factories using the ISR method [201, 202], in the charmonium decay J/ψ →
ηφf0(980) [203], and in e
+e− → ηφf0(980) at cms energies between 3.7 and 4.6 GeV [204].
102 CHAPTER 4. R VALUES, QCD AND τ PHYSICS
1 2 3 4 5 6 7 8 9
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
M
as
s (
M
eV
)
0.4
0.6
0.8
1.0
.2
1.4
1.6
1.8
2.0
2.2
-+
 = 0PCJ +-1 --1 ++0 ++1 ++2 -+2 --2 --3
M
as
s (
M
eV
)
η
(958)’η
(1415)1h
1P
11
φ
1S
31
(1680)φ
1S
32
(1420)1f
1P
31
(1525)’2f
2P
31
(1850)
3
φ
3D
31
(1475)η
0S
12
(1710)0f
0P
31
(1870)?
2
η
2D
11
(2050)φ
1S
33(1950)sη
0S
13 (1850)1h
1P
12
(2000)0f
0P
32
(1950)1f
1P
32
(2000)2f
2P
32(1850)φ
1D
31
(1850)
2
φ
2D
31
Observed: PDG2019
Predictions summarized in PR D68, 054014
Figure 4.20: The strangeonium spectroscopy. The red dotted line corresponds to pre-
dicted strangeonium states summarized in Ref. [200], and the green line corresponds to
observed ss¯ resonances, taken from PDG [8].
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Figure 4.21: Mass and width of the φ(2170).
Theorists explain it as a traditional 33S1ss¯ or 2
3D1ss¯ state [205–208], as a 1
−−ss¯g hybrid
[209], as a tetraquark state [210–213], as a ΛΛ¯(3S1) bound state [214–216], and as a φKK¯
resonance state [217]. According to PDG [8], the φ(2170) has been observed in the final
states φf0(980), φη, φpipi, and K
+K−f0(980). For the final state K∗0K¯∗0 only an upper
limit has been reported [218]. Hence, the number of experimentally established decay
modes of φ(2170) is limited. Additionally, as shown in Fig. 4.21, there is a large scatter
of the measured values of mass and width of the φ(2170). So far, none of above theory
models are either estimated or ruled out by experimental results.
Describing the φ(2170) as a 33S1ss¯ or 2
3D1ss¯ state favors the decay modes K
∗K¯∗,
KK¯(1460) + c.c., and ηh1(1380), while these modes are forbidden for a 1
−−ss¯g state.
Instead, the KK¯1(1400) + c.c. and KK¯1(1270) + c.c. are favored for 1
−−ss¯g state [200,
205, 209]. However, all of the four previously mentioned decays produce the same final
state: KK¯pipi. Originally, the φ(2170) was observed in the φpipi final state, an intermediate
state of KK¯pipi. The fitted φ(2170) resonance parameters m = (2079 ± 13) MeV/c2 and
Γ = (192 ± 23) MeV in the φpipi mode are slightly lower than m = (2163 ± 32) MeV/c2
and Γ = (125 ± 40) MeV in the φf0(980) mode [202], which is consistent with available
measurements in the φf0(980) mode (see Fig. 4.21). A PWA analysis of e
+e− → KK¯pipi
at BESIII is useful to distinguish ss¯ and ss¯g, and understand results obtained from the
φpipi and φf0(980) modes.
The e+e− → φη and e+e− → φη′ processes are well suited to study excited φ states,
and useful to estimate mass and width of strange quarkonia due to the OZI rule. The
main decay modes in tetraquark pictures [212] are φη and φη′ modes; the predicted decay
width of a 1−−ss¯g state to φη is much larger than that of φη′ [209, 219], whereas φη
is forbidden for 23D1ss¯ states [205]. However, the uncertainty of the cross section of φη
around
√
s = 2.2 GeV measured by BaBar is at the 50% level [220]. A clear signal of φη′ is
observed by BaBar in Ref. [221]. A precise measurement of φη and φη′ modes at BESIII is
useful to distinguish tetraquark, hybrid and 23D1 pictures of the φ(2170). Besides φ(2170),
there is another possible structure for φf0(980) and K
+K−f0(980) around 2.4 GeV [201–
203]. BaBar determined its mass and width as (2.37± 0.07) GeV/c2 and (77± 65) MeV,
while Ref. [222] obtained (2436 ± 34) MeV/c2 and (99 ± 105) MeV, respectively, whose
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statistical significance is smaller than 3σ. A QCD sum rule also predicts two JPC = 1−−
resonances 2.34 ± 0.17 GeV and 2.41 ± 0.25 GeV, both around 2.4 GeV [223]. In the
φK+K− mode two broad structures were observed at 2.3 GeV and 2.7 GeV, respectively,
albeit in a different m(K+K−) range [201]. A scan in 40 MeV steps in the range of [2.35,
2.83] GeV with integrated luminosities of 20 pb−1 at each energy point, is called for to
search for (possible) new resonances.
Last but not least, Refs. [206, 225] predict a broad resonance with mass around 1.9 GeV
regarded as the 1D state of the φ family. A new scan measurement between 1.8 and
2.0 GeV is needed to search for 13D1ss¯ (shown in Fig. 4.20), to investigate the threshold
production of nucleon pairs and a structure around 1.9 GeV, shown in Ref. [226]. The
scan should be performed with 10 MeV steps between 1.8 and 2.0 GeV and an integrated
luminosity 4 pb−1 at each energy point.
Based on collected data for R values in the energy range between 2.0 and 3.08 GeV,
we already studied some decay modes, and need more data at additional energy points,
which are listed in Table 4.4.
4.8 Prospects
The different physics aspects addressed in this chapter cannot be studied from a single
data set. While studies based on ISR or two-photon collisions require large data samples,
taken at masses well above the actual mass range of interest, precise studies of line shapes
or threshold effects are best performed on several smaller data sets in an energy scan.
The existing ISR studies were mostly performed on 2.9 fb−1 taken at the ψ(3770)
peak. The results are already competitive with previous measurements of hadronic cross
sections. However, one of the key issues, the hadronic contributions to aµ, is still un-
settled. The published BESIII result on the dominating pi+pi− contribution is currently
dominated by systematics, where the largest contributions stem from the uncertainties
of the luminosity determination and the theoretical uncertainty of the radiator function.
An alternative approach to the normalization of the cross section can reduce the system-
atic uncertainty. Using the ratio to the muon cross section cancels the two uncertainties
mentioned above. However, due to an insufficient muon yield in the current data set,
the statistical uncertainty becomes dominant. Based on the performance of the published
work, it is estimated that an additional data set of 20 fb−1, taken at the ψ(3770) peak, and
data set listed in Chapter 3 for XYZ physics, will allow to collect sufficient statistics to
perform the normalization of the hadronic cross sections with respect to the muon yield.
The systematic uncertainty of the pion form factor measurement could be reduced to
O(0.5%), making the BESIII result not only comparable, but competitive to the KLOE,
the BaBar, and the announced CMD-3 measurements as well as potential future analyses
at Belle II.
At the same time, the data can be used to study TFFs in two-photon collisions. While
pi0, η, η′, as well as pion pairs can be studied very well in a single-tag measurement using
the existing data, the statistics is rather scarce for higher mass resonances, or a double-
tagged measurement of the lightest pseudoscalar mesons. However, the latter two are
of special interest in order to understand the hadronic light-by-light contribution to aµ
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Table 4.4: Proposed data for τ -QCD study.
Energy Physics highlight Current data Expected final data time (day)
1.8-2.0 GeV R, nucleon, resonances N/A 96 pb−1 at 23 points 66
around 2.2324 GeV ΛΛ¯ threshold one point 40 pb−1 at 4 points 17
2.35-2.83 GeV R & resonances few points 260 pb−1 at 13 points 60
2.5 GeV hyperon 1 pb−1 data 100 pb−1 26
J/ψ scan phase 100 pb−1 data 1000 pb−1 150
at the level of the new direct measurements at FNAL and J-PARC. An additional data
set of 20 fb−1 at
√
s=3.773 GeV is most beneficial for the TFF measurements at BESIII
for two reasons, On the one hand it increases the statistics at large invariant masses of
the produced hadronic systems, and on the other hand it will allow to perform the first
measurement of the doubly-virtual TFF, in the energy region most relevant for the aµ
calculations, with sufficient statistical precision to scrutinize hadronic models and provide
valuable input to the new, data-driven theory approaches to ahLBLµ .
The scan measurements performed at BESIII have successfully allowed to determine
baryon EM FFs at the respective thresholds and revealed puzzling features. In order to
shed more light on these aspects, further detailed studies on enhanced data sets around
the nucleon threshold at cms energies between
√
s = (1.8, 2.0) GeV, the ΛΛ¯ threshold at
2.2 GeV, and the ΛcΛ¯c threshold at 4.58 GeV are necessary.
So far, most emphasis has been put on the investigation of EM FFs of nucleons and
the Λ hyperon. An additional integrated luminosity of 100 pb−1 at ≈ 2.5 GeV allows not
only precision studies of the Λ, but also of Σ0 with 6% statistical uncertainty, and Σ±
with 4% statistical uncertainty, including the measurement of their effective form factors,
their |GE/GM | ratios, and the phase angle between GE and GM for Λ and Σ+ hyperons.
A high-statistics data set taken at 2.2 GeV in order to improve the understanding of
the ΛΛ¯ threshold behavior is also beneficial for studies of the φ(2170). It would allow us
to perform PWAs of the φpipi final state. Around 2.4 GeV, a structure has been observed
in the φpipi system. The existing data taken at BESIII at this energy suffer from small
statistics. In order to shed light on the nature of this structure, it is necessary to collect
more data with 20 pb−1 for each energy point around 2.4 GeV with 8% uncertainty.
In summary, Table 4.4 summarizes proposed data in this chapter.
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Chapter 5
Charm Physics
5.1 Introduction
The ground states of charmed hadrons, e.g ., D0(+), D+s , and Λ
+
c , can only decay weakly
and so precision studies of these charm decays provide important constraints on the weak
interaction [1]. Furthermore, as the strong force is always involved in the decays of the
charmed hadrons and the formation of the final-state hadrons, precise measurements of
the decay properties allow tests of non-perturbative quantum chromodynamics (QCD)
calculations. The decay rates of the ground states of charmed hadrons are dominated by
the weak decay of the charm quark. For comparison, the lifetimes of the charmed hadrons
are shown in Fig. 5.1(a); it is surprising that their individual lifetimes differ by up to a
factor of 10. As shown in Fig. 5.1(b), the ratio of τ(D+)/τ(D0) = 2.54 ± 0.01 is very
different from that for the corresponding lifetimes in the beauty sector, τ(B+)/τ(B0) =
1.076 ± 0.004. From these observations one can infer that deviations of the lifetime
ratios from unity decrease with increasing heavy-flavor quark mass mQ. Heavy flavor
decays thus constitute an intriguing lab to study QCD. According to the data, the non-
perturbative effects in the decays of the charmed hadrons are much more important than
those in the beauty sector. Comprehensive studies of the decays of charmed mesons and
baryons will play an essential role in furthering our understanding of strong interactions.
In particular, understanding the different decay mechanisms, such as weak-annihilation,
W -exchange and final-state scattering, is essential for developing a complete theory of
charmed hadron decays. Therefore, the data at the BESIII experiment will have a leading
role in understanding non-perturbative QCD.
BEPCII/BESIII produces charmed hadrons near their mass threshold; this allows
exclusive reconstruction of their decay products with well-determined kinematics. Up to
now, BESIII has collected data corresponding to the integrated luminosities of 2.9 fb−1,
0.5 fb−1, 3.2 fb−1, and 0.6 fb−1 at
√
s =3.773, 4.009, 4.178, and 4.600 GeV, respectively,
as well as data at
√
s = 4.23, 4.26, and 4.36 GeV. Based on these data sets, many world-
leading results have been published. These include the first absolute branching fraction
(BF) measurements of the Λ+c baryon to hadronic and semi-leptonic (SL) final states,
which are important milestones in the investigation of the charmed baryon sector; the
most accurate measurements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
|Vcs| and |Vcd|, which are essential inputs in tests of the CKM matrix unitarity; and the
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Figure 5.1: (a) Comparison of the lifetimes for the charmed hadrons [2]. For the lifetimes
of Ω0c , Ξ
0
c and Ξ
+
c , we take the recent measurement from LHCb [3]. (b) Comparison of
the lifetimes for the beauty hadrons. In the left figure, “10×” means that lifetimes differ
by about one order of magnitude.
most precise measurements of the decay constants in leptonic decays, as well as the form
factors in SL decays, which are crucial measurements with which to calibrate LQCD for
heavy quark studies. Also, it is important to test lepton-flavor universality (LFU) by
using the leptonic and SL charmed hadron decays.
However, improved knowledge of these charmed hadron decays is required to match
the significantly improved LQCD calculations and to better understand the strong-force
dynamics in the charm region. In addition, more precise measurements of the strong-
phase difference between D0 and D¯0 decays to final states used to measure the γ angle
(also known as φ3) of the CKM unitary triangle in B
+ → DK+ decays are necessary (D
denotes either D0 or D¯0); such improved measurements will prevent the γ measurements
at LHCb and Belle II from becoming systematically limited due to neutral D strong-phase
uncertainties.
This section describes the future pursuit of this rich charm programme. Specifically,
we focus our discussions on the most important measurements that can be made with the
proposed future data taking: D0(+), D+s , and Λ
+
c samples accumulated at
√
s = 3.773,
4.178, and 4.64 GeV corresponding to integrated luminosities of 20 fb−1, 6 fb−1, and
5 fb−1, respectively. Furthermore, it will be interesting to study the baryons Λc and Σc
for the first time at threshold and at higher cms energies, for example, e+e− → Λ+c Σ¯−c
and Λ+c Σ¯cpi. We also discuss possible energy upgrade of the BEPCII up to 5 GeV, so that
the thresholds will be open for baryon pair productions of e+e− → ΣcΣ¯c and ΞcΞ¯c.
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5.2 D0(+) and D+s physics
5.2.1 Leptonic decays
In the standard model (SM), the partial widths of the leptonic decays D+(s) → `+ν`
can be written as
Γ(D+(s) → `+ν`) =
G2Ff
2
D+
(s)
8pi
| Vcd(s) |2 m2`mD+
(s)
1− m2`
m2
D+
(s)
2 , (5.1)
where GF is the Fermi coupling constant, fD+
(s)
is the D+(s) decay constant, |Vcd(s)| is
the CKM matrix element [2], and m` [mD+
(s)
] is the lepton [D+(s) meson] mass. Using the
lifetimes and the measured BFs of these decays, one can determine the product fD+
(s)
|Vcd(s)|.
By taking as input fD+
(s)
as calculated in LQCD, the value of |Vcd(s)| can then be obtained.
Alternatively, |Vcd(s)| can be taken from global fits to other CKM matrix elements and
fD+
(s)
instead can be determined.
With the data sets in hand, BESIII has reported the improved measurements of the
BFs of D+ → µ+νµ, D+ → τ+ντ , and D+s → µ+νµ, as well as fD+
(s)
and |Vcs(d)| [4, 5].
The achieved precision is summarized in Table 5.1. Experimental studies of D+s → τ+ντ
with τ+ → pi+ντ , τ+ → e+ντνe, τ+ → µ+ντνµ, and τ+ → ρ+ντ are still ongoing. Based
on existing measurements at CLEO-c [6–8], BaBar [9], and Belle [10], the expected signal
yield ofD+s → τ+ντ will be larger than that ofD+s → µ+νµ, but will have more background
and significant systematic uncertainties. After weighting the measurements performed
with different τ+ decays, the sensitivity of the result for D+s → τ+ντ will be comparable
to that made with D+s → µ+νµ. Thus, the measurement precision with D+s → τ+ντ can
be estimated, as summarized in Table 5.1.
There are four reasons why the improved measurements of D+(s) → `+ν` with 20 fb−1
of data at 3.773 GeV and 6 fb−1 of data at 4.178 GeV are desirable.
1. Constraints on LQCD calculations:
Figure 5.2 shows a comparison of fD+
(s)
measurements by various experiments and
the values evaluated in LQCD. Focusing initially on fD+ , it may be seen that BESIII
currently supplies the most precise individual measurement, which itself has a statis-
tical uncertainty of around 2.5%. In contrast to the LQCD uncertainty of 0.2%, there
is much room to be improved in experiment. With 20 fb−1 of data at 3.773 GeV, the
relative statistical uncertainty on fD+ can be reduced to approximately 1%, which
is still larger than the current systematic uncertainty.
2. Determinations of |Vcs(d)|:
Alternatively, the LQCD calculations for fD+
(s)
may be taken as input, and the
leptonic BF measurements used to confront weak physics. In the SM, quark-flavor
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Figure 5.2: Expected precision of the measurements of (a) fD+ using D
+ → µ+νµ with 20 fb−1
of data at 3.773 GeV and (b) fD+s using D
+
s → µ+νµ with 6 fb−1 of data at 4.178 GeV. The green
bands present the LQCD uncertainties [11]. The cirles and dots with error bars are the LQCD
calculations and experimental measurements, respectively. The value marked in red denotes the
best measurement, and the value marked in light blue denotes the expected precision.
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mixing is described by the unitary 3× 3 CKM matrix
VCKM =
 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 . (5.2)
Any deviation from unitarity would indicate new physics beyond the SM. Improving
the accuracy with which CKM matrix elements are determined is one of the principal
goals in flavor physics, as it will test the unitarity of the CKM matrix with higher
accuracy.
In the past decade, much progress has been achieved in LQCD calculations of fD+
(s)
.
The uncertainties of fD+
(s)
calculated in LQCD have been reduced from (1-2)% to the
0.2% level [11, 12], thus providing precise information to measure |Vcs| and |Vcd|.
Comparison of the measured |Vcs(d)| with different methods and experiments are
shown in Fig. 5.3. In the figure, the BESIII result of |Vcd| has been recalculated
with the latest LQCD calculation of fD+ = 212.7 ± 0.6 MeV [11]. Currently, the
average is dominated by the BESIII measurements of D+(s) → `+ν` decays, which
have an uncertainty of 2.5% (1.5%) for |Vcd(s)|. The statistical uncertainty of |Vcd|
is dominant, whereas the statistical and systematic uncertainties of |Vcs| are com-
parable.
The recalculated value of |Vcd| is consistent with the value of |Vcd| = 0.22522 ±
0.00061, obtained from a global fit to other CKM matrix element measurements
that assumes unitarity in the SM, within 1.7σ. With 20 fb−1 of data at 3.773 GeV
and 6 fb−1 of data at 4.178 GeV, the relative precision of the measurements of |Vcs|
and |Vcd| with leptonic decays will both reach 1.0%.
3. Tests on lepton flavor universality:
In recent years, some hints of LFU violation have emerged in some SL B-meson
decays [13–22]. Ref. [23] argues that LFU violation may happen in c→ s transitions
due to an amplitude that includes a charged Higgs boson, that arises in a two-Higgs-
doublet model, interfering with the SM amplitude involving a W± boson. Therefore,
it is important to test LFU with D+(s) → `+ν` decays.
In the SM, the ratio of the partial widths of D+(s) → τ+ντ and D+(s) → µ+νµ is
predicted to be
RD+
(s)
=
Γ(D+(s) → τ+ντ )
Γ(D+(s) → µ+νµ)
=
m2τ+
(
1− m
2
τ+
m2
D+
(s)
)2
m2µ+
(
1− m
2
µ+
m2
D+
(s)
)2 .
With the world average values of the masses of lepton and D+(s) [2], one obtains
RD+ = 2.67 and RD+s = 9.74 with negligible uncertainties. The preliminary mea-
sured values of RD+
(s)
reported by BESIII are 3.21 ± 0.64 (10.2 ± 0.5), which agree
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Figure 5.3: Expected precision of the measurements of (a) |Vcd| using D+ → µ+νµ with 20 fb−1
of data at 3.773 GeV and (b) |Vcs| using D+s → µ+νµ with 6 fb−1 of data at 4.178 GeV. The
green bands present the uncertainties of the average values from the global fit in the SM [2].
The circles, dots and rectangles with error bars are the values based on SL D decays, leptonic D
decays and other methods, respectively. The value marked in red denotes the best measurement,
and the value marked in light blue denotes the expected precision.
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with the SM predicted values. However, as previously noted, these measurements
are statistically limited. With 20 fb−1 of data at 3.773 GeV the precision on RD+
will be statistically limited to about 8%. With 6 fb−1 of data at 4.178 GeV the
precision on RD+s will be systematically limited to about 3%.
4. Comparison with other experiments:
The leptonic decays reconstructed at BESIII and CLEO-c come from data sets accu-
mulated just above the open-charm threshold, where the D0D¯0 or D+D− mesons are
produced as a pair. The BFs can be determined by considering the yields for both
the single-tagged and double-tagged events. With this method, the background level
and systematic uncertainties are lower than for the measurements at B factories.
Currently, the best measurements of D+ → `+ν` are from BESIII. So far, no studies
of D+ → `+ν` have been reported by BaBar, Belle, and LHCb, which may be due
to the higher level of background any measurement at these experiments would
encounter. BESIII is expected to provide unique data to improve the knowledge of
fD+ , |Vcd|, and tests of LFU in D+ → `+ν` decays in the next decade.
BaBar [9] and Belle [10] have reported the measurement of D+s → `+ν` using e+e− →
cc¯→ DKXD∗−s with D∗−s → D−s γ, performed with about 0.5 and 1.0 ab−1 of data
taken around the Υ (4S), respectively. The statistical and systematic uncertainties
of these measurements of fD+s and |Vcs| at Belle are 1.6% and 2.5%, respectively.
The dominant systematic uncertainties are from normalization, tag bias, particle
identification, fit model and D+s background. With 50 ab
−1 of data at Belle II, the
statistical uncertainties of these measurements are expected to be reduced to 0.25%,
however it will be extremely challenging to reduce the systematics uncertainties to
match this level. Hence it is expected that a measurement of D+s → `+ν` performed
at BESIII with 6 fb−1 of data at 4.178 GeV will have very significant weight in a
future world average.
BESIII measurements of purely leptonic D+s decays will be limited by systematic un-
certainties to a large degree. This motivates the exploration of taking data at
√
s =
4.009 GeV where only D+s D
−
s production is possible; such a data set will have much re-
duced backgrounds in the double-tag method, thus improving the systematic uncertainties
on the measurements. The drawback is the reduction in cross section by a factor of three
with respect to operation at 4.178 GeV. Therefore, a data set of 20 fb−1 would be required
to match the statistical precision of 6 fb−1 of data at 4.178 GeV across all measurements
of D+s decay. Such a large set corresponds to many years of data taking and as such
cannot be considered as the highest priority among the various charm-physics data sets
requested.
5.2.2 SL decays
In the SM, the weak and strong effects in SL D0(+) decays can be well separated.
Among them, the simplest case is D0(+) → K¯(pi)`+ν`, for which the differential decay
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rate can be simply written as
dΓ
dq2
=
G2F
24pi3
|Vcs(d)|2p3K(pi)|fK(pi)+ (q2)|2, (5.3)
where GF is the Fermi coupling constant, and pK(pi) is the kaon (pion) momentum in
the D rest frame, f
K(pi)
+ (q
2) is the form factor of the hadronic weak current depending
on the square of the transferred four-momentum q = pD − pK(pi). From analyses of the
dynamics in these decays, one can obtain the product f
K(pi)
+ (0)|Vcs(d)|. By taking the
f
K(pi)
+ (0) calculated in LQCD or |Vcd(s)| from a global fit assuming unitarity in the SM,
the value of either |Vcd(s)| or fK(pi)+ (0) can be obtained.
• Form factors of SL decays:
With the data sets in hand, BESIII has reported improved measurements of the
absolute BFs and the form factors of the SL decays D0(+) → K¯e+νe, D0(+) →
pie+νe [24, 25], D
0 → K−µ+νµ [26], D+ → ηe+νe [28], D+ → K¯∗0e+νe [28], D0(+) →
ρ−(0)e+νe [29], D+ → ωe+νe [30], D+s → K(∗)0e+νe [31] and D+s → η(′)e+νe [32].
Figure 5.4 shows comparison of the form factors fK+ (0), and f
pi
+(0) measured by
various experiments and those calculated in LQCD. The BESIII measurement of
fK+ (0) is dominated by systematic uncertainties, whereas other measurements are
dominated by statistical uncertainties. The measurements of the form factors of
D0 → K∗−e+νe, D+ → ηµ+νµ, D+s → φe+νe, D+s → f0(980)e+νe and D+s → ηµ+νµ
are still ongoing, but all will be statistically limited with the current data sets.
Measurements of SL D0(+) decays that contain a scalar or axial-vector meson in the
final state, e.g., D0(+) → K¯1(1270)e+νe [33] and D0(+) → a0(980)e+νe [34], have
been reported by CLEO-c and BESIII. However, these decay samples are up to
about 100 events, which are insufficient to perform form-factor measurements.
With 20 fb−1 of data at 3.773 GeV, all the form-factor measurements which are
currently statistically limited will be statistically improved by a factor of up to 2.6.
We also have opportunities to determine the form factors of D0 → K−1 (1270)e+νe,
D+ → K¯01(1270)e+νe, D+ → η′e+νe, D0 → a−0 (980)e+νe, and D+ → a00(980)e+νe
for the first time. In addition, studies of the semi-muonic decays of D0(+) → K¯µ+νµ
and D0(+) → piµ+νµ will further improve the knowledge of fK+ (0) and fpi+(0).
With 3.2 fb−1 of data at 4.178 GeV, the expected yield for each of the Cabibbo-
favored (CF) SL D+s decays is about 1000, while that for each of the singly Cabibbo-
suppressed (SCS) SL D+s decays is not more than 200. In this case, all studies of
the dynamics of SL D+s decays are restricted due to the limited data sets. The
measurements of the form factors in these decays will be improved by a factor of up
to 1.4 with 6 fb−1 of data at 4.178 GeV.
• Determinations of |Vcs(d)|:
The CKM elements |Vcs| and |Vcd| can also be determined from analyses of the SL
decays of D0(+) → K¯`+ν` and D0(+) → pi`+ν`, when the values of the form factors
are taken from LQCD. Results using this approach are included in Fig. 5.3. At
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BESIII ν+e-K→0PRD92,072012, D 0.0036±0.0026±     0.7368
BESIII ν+µ-K→0PRL122,011804, D 0.0030±0.0039±     0.7327
BESIII  ν+e0SK→
+PRD96,012002, D 0.0115±0.0041±     0.7246
BESIII  ν+e0LK→
+PRD92,112008, D 0.012±0.007±     0.748
CLEO
 ν+eK→PRD80,032005, D 0.005±0.007±     0.739
BaBar
 ν+e
-K→0PRD76,052005, D 0.009±0.007±     0.727
Belle
 ν
+l-K→0PRL97,061804, D 0.022±0.007±     0.695
HPQCD PRD82,114506 0.015±0.011±     0.747
ETM PRD96,054514 0.031±     0.765
(a)
(0)pi+f
0.3 0.4 0.5 0.6 0.7
BESIII ν+e-pi→0), D-1Expected (20fb 0.0040±0.0031±     0.6372
BESIII ν+e-pi→0PRD92,072012, D 0.0044±0.0080±     0.6372
BESIII  ν+e0pi→+PRD96,012002, D 0.0035±0.0115±     0.6216
CLEO  ν+epi→PRD80,032005, D 0.005±0.019±     0.666
BaBar
 ν+e-pi→
0PRD76,052005, D 0.005±0.020±     0.610
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 ν
+l-pi→0PRL97,061804, D 0.030±0.020±     0.624
HPQCD PRD84,114505 0.021±0.02±     0.666
ETM PRD96,054514 0.035±     0.612
(b)
Figure 5.4: Expected precision of the measurements of (a) fK+ (0) and (b) f
pi
+(0) with 20 fb
−1 of
data at 3.773 GeV. The green bands present the LQCD uncertainties [35, 36]. The PDG value
is combined from the results of from Belle, CLEO, BaBar and BESIII. The cirles and dots with
error bars are the LQCD calculations and experimental measurements, respectively. The value
marked in red denotes the best measurement, and the value marked in light blue denotes the
expected precision.
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present, the LQCD uncertainties are 2.4% for fK+ (0) [35] and 4.4% for f
pi
+(0) [36],
which are significantly larger than the associated experimental uncertainties, and
therefore limit the determinations of |Vcs| and |Vcd| from this method.
In the coming decade, however, the uncertainties of fK+ (0) and f
pi
+(0) calculated in
LQCD are expected to be reduced to the level of 1.0% and 0.5% [37], respectively.
Therefore, further improved measurements of fK+ (0) and f
pi
+(0) will play key roles in
the determinations of |Vcs| and |Vcd|. With 20 fb−1 of ψ(3770) data, the experimental
uncertainties of the measurements of |Vcs| and |Vcd| with SL D0(+) decays in electron
channels are expected to reach the 0.5% level. Studies of D0(+) → K¯µ+νµ and
D0(+) → piµ+νµ will provide additional sensitivity.
In SL D+s decays, analyses of the dynamics of D
+
s → η(′)e+νe decays with 6 fb−1 of
data at 4.178 GeV , where the η−η′ mixing is involved, will provide complementary
measurements of |Vcs|. The statistical uncertainty is expected to reach the 2.0%
level; this will further improve the measurement precision of |Vcs| at BESIII.
• Tests of lepton flavor universality: Previous measurements of the BFs of
D0 → pi−µ+νµ and D0 → pi−e+νe [2], resulted in the ratio of BFs B(D0 →
pi−µ+νµ)/B(D0 → pi−e+νe) = 0.82 ± 0.08, which deviates from the SM pre-
diction of 0.985 ± 0.002 [38] by 2.1σ. This possible hint of LFU violation has
motivated BESIII to report more precise BF measurements to obtain the ratios
B(D0 → pi−µ+νµ)/B(D0 → pi−e+νe) = 0.922 ± 0.030 ± 0.022 and B(D+ →
pi0µ+νµ)/B(D+ → pi0e+νe) = 0.964±0.037±0.026 [39]. These results are consistent
with the SM predictions, within 1.7σ and 0.5σ, respectively. Much more accurate
studies will be possible with 20 fb−1 of data at 3.773 GeV, besides optimizations on
the systematic uncertainties.
As Ref. [23] pointed out, due to the mediation of charged Higgs bosons in the
two-Higgs-doublet model, LFU in c → s transitions may be violated. In charm
decays, the semi-tauonic decays involving a kaon in the final states are kinematically
forbidden. Measurements of the ratios of the partial widths of D0(+) → K¯µ+νµ over
those of D0(+) → K¯e+νe in different q2 intervals constitute a complementary test
of LFU to those using semi-tauonic decays. These measurements are currently
statistically limited [26, 39], and will be significantly improved with 20 fb−1 of data
at 3.773 GeV.
• Studies on meson spectroscopy: Studies on intermediate resonances in hadronic final
states in SL decays provide a clean environment to explore meson spectroscopy, as
no other particles interfere. This corresponds to a much simpler treatment than
those studies in D
0(+)
(s) hadronic decays or charmonium decays. For instance, in
D0 → K−1 (1270)e+νe and D+ → K¯01(1270)e+νe, the single hadronic current allows
the production of the axial-meson to be factorized, which provides unique infor-
mation on the structure of this lightest strange axial-vector mesons. At present,
the world average values of the mass, 1272 ± 7 MeV, and width, 90 ± 20 MeV, of
the K¯1(1270) have large uncertainties [2]. Furthermore, different analysis channels
produce conflicting resonance parameters. Based on the future BESIII data set,
the precision of these parameters is expected to be improved by a factor of two to
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three. Also, we have the opportunity to study the properties of other particles, e.g.,
a−0 (980) and a
0
0(980) in SL decays. In addition, it is possible to search for various
SL D
0(+)
(s) transitions into other scalar or axial-vector mesons, as listed in Ref. [40].
• Comparison with other experiments: BaBar studied the SL decays D0 →
K−e+νe [41] and D0 → pi−e+νe [42] using the decay D0 → K−pi+ to normalize
the measurements. However, the BF of D0 → K−pi+ has an uncertainty of 1% that
is larger than the systematic uncertainties in the measurements of D0 → K−e+νe
and D0 → pi−e+νe at BESIII. Belle made absolute measurements of D0 → K−`+ν`
and D0 → pi−`+ν` by using the decay chain of D(∗)tagD∗−sigX with 282 fb−1 of data
taken around Υ (4S) [43], with precision summarized in Table 5.2. So far, no other
SL measurements have been reported by Belle.
BESIII has the advantage of low background and small systematic uncertainty (<
1%) for measurements of semi-electronic D0(+) decays, and with 20 fb−1 of data at
3.773 GeV, will be competitive with Belle II. On the other hand, the momenta of
most muons in semi-muonic D0(+) decays produced at threshold are lower than 0.5
GeV/c, which lies outside the detection ability of the muon counter, and hence makes
the study of semi-muonic D0(+) decays challenging at BESIII. However, improved
and comprehensive measurements of dynamics of as many as semi-muonic D0(+)
decays into a pseudescalar meson are workable, as done in Refs. [26, 39], but will
be challenging for those semi-muonic D0(+) transitions into a vector, scalar or axial-
vector meson.
The SL decays can also be studied at LHCb and its upgrades, particularly in the
muon channels. However, the studies of the SL D
0(+)
(s) decays involving electron
and photon(s) in the final states are more difficult in the environment of a hadron
collider due to larger backgrounds.
5.2.3 Quantum-correlated measurements of D0 hadronic decays
The quantum correlation of the D0D¯0 meson pair produced at ψ(3770) provides a
unique way to probe the amplitudes of the D decays, the D0D¯0 mixing parameters and
potential CP violation in D0 decays [44]. Furthermore, the determination of the strong-
phase difference between the CF and doubly Cabibbo-suppressed (DCS) amplitudes in
the decay of quantum-correlated D0D¯0 meson pairs has several motivations: understand-
ing the non-perturbative QCD effects in the charm sector; serving as essential inputs
to extract the angle γ of the CKM unitarity triangle (UT); and relating the measured
mixing parameters in hadronic decay (x′, y′) to the mass and width difference parameters
(x, y) [28].
The measurements of the CKM UT angles α, β, and γ in B decays are important
to test CKM unitarity and search for CP violation beyond the SM. Any discrepancy in
the measurements of the unitarity triangle involving tree and loop dominated processes
would indicate high-mass new physics within the loops. Among the three CKM angles, γ,
where the current world-best measurement from LHCb is (74.0+5.0−5.8)
◦ [46], has particular
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importance, being the only CP-violating observable that can be determined using tree-
level decays. Degree-level precision on γ will allow a rigorous comparison of the loop and
tree-level determinations of the UT. The independence from loop diagrams means that the
measurement of γ has negligible theoretical uncertainty [47]. The precision measurement
of γ is one of the top priorities for the LHCb upgrade(s) and Belle II experiments.
The most precise method to measure γ is based upon the interference between B+ →
D¯0K+ and B+ → D0K+ decays [48–50]. In the future, the statistical uncertainties of
these measurements will be greatly reduced by using the large B meson samples recorded
by LHCb and Belle II, and by extending these measurements to other similar B modes
such as B0 → DK∗0, where D implies either D0 or D¯0, B+ → D∗K+, B+ → DKpipi, and
B+ → DK∗+ [51, 52]. However, with increased statistical precision, limited knowledge
of the strong phases of the D decays will systematically restrict the overall sensitivity.
Consequently, improved knowledge of the strong-phase related parameters in D decays is
essential to make measurements of γ to degree-level precision. Strong-phase information
in the following D decay modes has been obtained from the CLEO-c experiment and has
been used in the most recent γ measurements:
• measurement of the amplitude weighted average cosine and sine of the strong-phase
difference, ci and si, where the index i refers to the phase-space region of self-
conjugate multi-body decays, such as D → K0Spi+pi− and D → K0SK+K− [53];
• measurement of the coherence factor and average strong-phase difference in D →
K±pi∓pi+pi− and D → K±pi∓pi0 [54];
• measurement of the coherence factor and average strong-phase difference in D →
K0SK
±pi∓ [55];
• measurement of the CP-even content of D → pi+pi−pi+pi−, D → pi+pi−pi0, and D →
K+K−pi0 [56];
• measurement of the strong-phase difference in D → K±pi∓ [57];
• measurement of the CP-even content and strong-phase difference ci and si in D →
KSpi
+pi−pi0 [58] .
Complementary constraints on the strong phase in D → K±pi∓pi+pi− decays have come
from charm-mixing measurements at LHCb [59]. It should be noted that the precision on
the D → K±pi∓ phase is dominated by the combination of charm-mixing measurements at
the LHCb, CDF experiments and the B factories [28] and so here the role of threshold data
is less important. Recently, BESIII reported the strong-phase measurement ofD → K±pi∓
decays [60] and the preliminary results of the strong-phase measurements of D → K0Spi+pi−
decays [61] from current ψ(3770) data with an integrated luminosity of 2.93 fb−1. The
precision of these measurements demonstrated the powerful capabilities of BESIII to
determine strong-phase parameters accurately. However, all the current strong-phase
measurements are still limited by the size of the ψ(3770) data. Therefore, one of the most
important goals of the BESIII charm physics program is to improve the strong-phase
measurements with a larger ψ(3770) data.
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Table 5.3: Expected γ/φ3 precision in the LHCb [51] and Belle II [52] experiments along with
the timescales.
Runs Collected / Expected Year γ/φ3
integrated luminosity attained sensitivity
LHCb Run-1 [7, 8 TeV] 3 fb−1 2012 8◦
LHCb Run-2 [13 TeV] 6 fb−1 2018 4◦
Belle II Run 50 ab−1 2025 1.5◦
LHCb upgrade I [14 TeV] 50 fb−1 2030 < 1◦
LHCb upgrade II [14 TeV] 300 fb−1 (>)2035 < 0.4◦
For the existing determination of γ that is made by combining the CP-violation-
sensitive observables from different D modes in B → D(∗)K(∗) decays, the uncertainty
arising from the CLEO-c inputs has been found to be about 2◦ for LHCb. The current
BESIII ψ(3770) data is approximately four times larger than that of CLEO-c. The full
analysis based on it gives in general a factor of 2.5(1.9) more precise results for ci(si),
which reduces its contribution to the uncertainty on γ to 0.7◦ [61] at most. As evident
from Table 5.3, this precision should be adequate for the LHCb Run-2 measurement, but
will not be sufficient for the future LHCb upgrade and Belle II era, in particular because
these strong-phase uncertainties will be largely correlated between the two experiments
for each mode. To minimize the impact of the strong-phase measurement uncertainties
for these next generation experiments, a much larger ψ(3770) data at BESIII, ideally
corresponding to an integrated luminosity of 20 fb−1, is essential, as BEPCII is the only
machine working at the charm-threshold energy region. Furthermore, determining these
parameters with radiative return events to the ψ(3770) at Belle II will not be achievable
with suitable precision even with a data set of 50 ab−1. A 20 fb−1 sample of ψ(3770) data
would lead to an uncertainty of approximately 0.4◦ for the γ measurement, which will be
necessary for the goals of LHCb upgrade I and Belle II. Moreover, this improved precision
will be essential to allow the even larger data of LHCb upgrade II [62] to be fully exploited
in improving further the knowledge of γ and allowing detailed comparison of the results
obtained with different decay modes. A reasonable time frame for taking the ψ(3770)
data of 20 fb−1 would be by 2025, when Belle II will have completed accumulation of its
50 ab−1 of data and LHCb upgrade I will be mid-way through its period of operation.
A synergy between the BESIII, LHCb, and Belle II experiments is the best way to
accurately determine γ in a manner that results in the uncertainty on γ being statistically
rather than systematically limited. Table 5.4 lists the decay modes of interest that can
be measured at BESIII. Furthermore, for the multi-body D final states the phase-space
binning schemes that could be employed are mentioned; increasing the number of bins
improves the statistical sensitivity of the measurements as the amount of information loss
relative to an unbinned method is reduced. The modes are listed in their approximate or-
der of importance for LHCb measurements. For the Belle II experiment those modes with
neutrals are more important due to the larger neutral reconstruction efficiency compared
to LHCb; LHCb will have an advantage for two- and four-body D decays containing only
prompt charged pions and kaons in the final state.
In addition, it is worth noting the ability of BESIII to efficiently reconstruct D modes
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Table 5.4: A priority-ordered list of strong-phase related measurements that are important for
precision measurements of γ and indirect CP violation in charm mixing [51]. For states that
are not self-conjugate, the coherence factor, R, and average strong-phase difference, δ, can be
measured [68]. For self-conjugate states there are two choices: either a measurement of the
CP-even fraction, F+ [63], or a measurement of the amplitude weighted average cosine and sine
of the strong-phase difference, ci and si, where the index i refers to the phase-space region of
the given multi-body decay [69].
Decay mode Quantity of interest Comments
Binning schemes as those used in the CLEO-c
D → K0Spi+pi− ci and si analysis. With 20 fb−1 of data at 3.773 GeV, it might be
worthwhile to explore alternative binning.
Binning schemes as those used in the CLEO-c
D → K0SK+K− ci and si analysis. With 20 fb−1 of data at 3.773 GeV, it might
be worthwhile to explore alternative binning.
D → K±pi∓pi+pi− R, δ In bins guided by amplitude models, currently
under development by LHCb.
D → K+K−pi+pi− ci and si Binning scheme guided by the CLEO-c model [70] or
potentially an improved model in the future.
D → pi+pi−pi+pi− F+ or ci and si Unbinned measurement of F+. Measurements of
F+ in bins or ci and si in bins could be explored.
D → K±pi∓pi0 R, δ Simple 2-3 bin scheme could be considered.
D → K0SK±pi∓ R, δ Simple 2 bin scheme where one bin encloses
the K∗ resonance.
D → pi+pi−pi0 F+ No binning required as F+ ∼ 1.
Unbinned measurement of F+ required.
D → K0Spi+pi−pi0 F+ or ci and si Additional measurements of F+ or ci
and si in bins could be explored.
D → K+K−pi0 F+ Unbinned measurement required. Extensions to
binned measurements of either F+ or ci and si.
D → K±pi∓ δ Of low priority due to good precision available
through charm-mixing analyses.
containing a K0L meson in the final state and determine the relevant strong-phases. These
K0L modes provide additional tags (for example Ref. [63]) that increase the precision of
other strong-phase parameter measurements at the ψ(3770). Furthermore, it may be
possible to use K0L modes at Belle II to reconstruct B
+ → DK+ given the anticipated
improvements in K0L reconstruction. Evidence of this is given by the fact that the de-
termination of the UT angle β at the B factories benefited from included B0 → J/ψK0L
decays in the measurement.
The measurements of strong phases using quantum-coherent analyses [74] at BESIII
provide important inputs to the LHCb and Belle II experiments to measure the D0D¯0 mix-
ing parameters and indirect CP violation in charm mixing. The measurement methods,
as described in Refs. [64–66], all use the charm strong-phase parameters. For example,
using the ci and si results as inputs to time-dependent measurements of D
0 → KSpi+pi−,
the charm mixing parameters x and y can be determined in a model-independent way [72].
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More precise strong-phase measurements listed in Table 5.4 performed with the current
and future ψ(3770) data at BESIII, will prevent these studies from being limited by
strong-phase related uncertainties. Furthermore, the strong-phase measurements have
recently been used in time-dependent CP-violation measurements of B0 → D(∗)0pi0 de-
cays by Belle [67] to make measurements of β/φ1 that are free of uncertainties related to
penguin processes. Such measurements are very attractive at Belle II, so that they can
be compared to the “golden modes” B0 → J/ψK0 to empirically determine the pollution
with penguin diagrams in the determination of β/φ1.
5.2.4 Impact on CKM measurements
In the SM, quark-flavor mixing is described by the 3×3 CKM matrix VCKM as shown in
Eq. (5.2) in Sec. 5.2.1. Unitarity is the only, albeit powerful, constraint on VCKM. Without
loss of generality, the VCKM can be parameterized in terms of three mixing angles and one
phase [73]
VCKM =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 , (5.4)
where cij ≡ cos θij and sij ≡ sin θij (for ij = 12, 23 and 13). The irremovable phase δ is the
unique source of CP-violation in quark flavor-changing processes within the SM. Following
the observation of a hierarchy between the different matrix elements, Wolfenstein [74]
proposed an expansion of the CKM matrix in terms of the four parameters λ, A, ρ, and
η, which are widely used in contemporary literature, and which is the parameterization
employed in CKMfitter [75].
The allowed region in the ρ and η space can be elegantly displayed by means of the
UT described by the rescaled unitarity relation between the first and the third column of
the CKM matrix (i.e., corresponding to the b-meson system). The UT can be described
in the complex (ρ¯, η¯) plane, where the apex is given by the following phase-convention
independent definition [76]
ρ¯+ iη¯ ≡ −VudV
∗
ub
VcdV
∗
cb
. (5.5)
We also propose to represent the combination of the CKM constraints in the plane that is
relevant to theD meson UT. In analogy with the exact and rephrasing-invariant expression
of (ρ¯, η¯) we define the coordinates of the apex of the D meson UT [1]
ρcu + i ηcu ≡ −
VudV
∗
cd
VusV ∗cs
, (5.6)
where ρcu = 1 + O(λ4) and ηcu = O(λ4). One can see that this triangle has two sides
with length very close to 1 and a small side of order O(λ4), with angles αcu = −γ,
βcu = γ + pi +O(λ4) and γcu = O(λ4).
To constrain these parameters, we consider a prospective exercise when BESIII will
complete the taking of 20 fb−1 data accumulated at the DD¯ threshold [1] and 6 fb−1 data
at 4.178 GeV around 2025 (Phase I). At that time, the collected data amount for LHCb
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Figure 5.5: Individual constraints and the global CKM fit on the (ρcu, ηcu) plane according
to our projections of the experimental status in 2025 (Phase I). The shaded areas have
95% CL. Only a part of the D meson UT is visible (in black solid lines): the two apices
associated with large angles are shown, whereas the missing corner is situated at the
origin, far away on the left.
will be 23 fb−1 [77] and for CMS/ATLAS 300 fb−1, which is after Run 3 and prior to the
start of the HL-LHC. We also take into account the prospective accuracies for Belle II
at 50 ab−1 [52] already at Phase I. The individual constraints as well as the combination
from the usual observables are shown for 2025 in the (ρcu, ηcu) plane in Fig. 5.5. One can
also transfer the constraints to the (|Vcs|, |Vcd|) plane as shown in Fig. 5.6, which clearly
shows the direct contribution from the BESIII measurements of |Vcs| and |Vcd|, and allows
precise tests of the consistency of CKM determination from different quark sectors.
In the further Phase II beyond 2035, we assume larger data sets of 300 fb−1 for LHCb
and 3000 fb−1 for CMS/ATLAS. The corresponding perspectives of individual constraints
and the global CKM fit on the (ρ¯, η¯) plane are shown in Fig. 5.7, which involve both LHC
and Belle II experiments for the CKM measurements related to B and Bs mesons. We
use available resources for the uncertainties [52, 77] assuming that all the measurements
agree perfectly well within the SM. As mentioned in Sec. 5.2.3, thanks to the critical
input with 20 fb−1 data accumulated at the DD¯ threshold [1] from BESIII on charm
strong phases, the knowledge of the angle γ will be improved to 0.4◦ or better, allowing
for extremely precise tests of the CKM paradigm, and providing a sensitive probe for
possible new physics contributions.
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Figure 5.6: Constraints in the (|Vcd|,|Vcs|) plane for the Phase I data. The indirect
constraints (coming from b transitions) are related to |Vcd| and |Vcs| through unitarity.
The direct constraints combine leptonic and SL D and Ds decays from BESIII experiment.
The red hashed region of the global combination corresponds to 68% CL.
5.2.5 CP violation and D mixing
It is not competitive to search for CP violation and charm mixing parameters at
BESIII, since the observable D0 and D¯0 samples are less than those at LHCb and Belle II
by more than 2-4 orders of magnitudes. However, BESIII can uniquely explore the quan-
tum coherence of the initial D0D¯0 state produced at ψ(3770) to provide constraints [78]
on mixing and CP-violating parameters [79, 80] that have completely different systematic
uncertainties than those of LHCb or Belle II. For example, decays of each D in the D0D¯0
state into final states of the same CP would immediately indicate CP-violation in charm,
as the D-states produced at ψ(3770) have opposite CP,
Γ++
D0D¯0
=
[(
x2 + y2
) (
cosh2 am − cos2 φ
)]
Γ2(D → f+), (5.7)
where we employ two CP = + states f , such as f = pi+pi−. Also, φ = arg(p/q), Rm =
|p/q|, and am = logRm [79]. In addition, superb kinematical constraints might make
BESIII competitive in studies of CP-asymmetries in some multi-body D decays [82].
5.2.6 CPT violation in charm mixing
CPT is conserved in all local Lorentz-invariant theories, including SM and all its
commonly-discussed extensions. Yet, CPT violation might arise in string theory or some
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Figure 5.7: Evolving constraints and the global fit in the (ρ, η) plane with the antici-
pated improvements for the Phase II data (300 fb−1 from LHCb [77], 3000 fb−1 from
CMS/ATLAS, and 50 ab−1 from Belle II [52]). The γ is expected to have an accuracy
around 0.4 degrees (shown in Table 5.3), thanks to BESIII charm inputs with 20 fb−1
data accumulated at the DD¯ threshold [1]. The shaded areas have 95% CL.
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extra-dimensional models with Lorentz-symmetry violations in four dimensions. Time
evolution studies of CP-correlated D0D¯0 states are complementary to CPT-violation stud-
ies at B-factories and the LHC. While studies of those models are not particularly well
motivated at charm threshold, CPT-violating effects can still be probed with the quantum-
correlated D0D¯0 states at ψ(3770) [81].
5.2.7 Absolute measurement of hadronic decays
The hadronic decay of charmed hadrons provides important information on not only
the charmed hadron itself, but also on the light daughters of the hadron. Therefore, study-
ing charm multi-body hadronic decays is a powerful tool for light hadron spectroscopy.
Analogously, studying high-statistics hadronic decays of the charmed baryon Λ+c with a
data set of 5 fb−1 produced at 4.64 GeV, as discussed in Sec. 5.3.1, is useful for improved
understanding of light meson and baryon spectroscopy.
Experimental studies of two-body hadronic decays of D0, D+, and D+s mesons are very
important for calibrating theoretical models. There are different final-state possibilities,
namely PP , V P , V V , SP , AP , and TP , where P , V , S, A, and T represent pseudoscalar,
vector, scalar, axial vector, and tensor mesons, respectively. The simplest cases of the PP
decays of D0, D+, and D+s have been well investigated experimentally in recent years.
However, some of these measurements, particularly of DCS decays, are still statistically
limited. Studies of non-PP final states require sophisticated amplitude analyses of multi-
body decays of charmed mesons that are not well developed because of either the limited
statistics or the high background level. Larger D0(+) and Ds data samples are necessary
to guarantee clean signal samples with sufficient yields to perform reliable amplitude
analyses, so that all types of two-body process can be well understood.
At present, the sums of the BFs for the known exclusive decays of D0, D+, and D+s are
all more than 80% [2]. However, there is still significant room to explore many unknown
hadronic decays. A 20 fb−1 sample of data at the ψ(3770) will allow the determination
of many BFs of these missing decays to Kpipipi, KKpipi, and KKpipipi, as well as further
exploration of the sub-structures in these decays. Some of them, for example D0 →
K−pi+pi0pi0 and D+ → K¯0pi+pi0pi0, are expected to have a BF in the range 5 to 10% [83],
which can be improved a lot with the advantage of BESIII in precise pi0 and photon
detections.
LHCb has the ability to measure a large number of relative BFs of charm and beauty
hadrons, on account of the high yields that result from the large cross section for heavy-
flavor production in the forward region. Converting from the BF ratio to the absolute
BF incurs an additional uncertainty from the BF of the reference mode, such as D0 →
K−pi+, D0 → K−pi+pi+pi−, D+ → K−pi+pi+, D+s → K−K+pi+, and Λ+c → pK−pi+.
Absolute BF measurements of the other charmed baryons, Ξ0c and Ξ
+
c are also strongly
desired. Although it is acknowledged that these modes would be very hard to measure with
the current energy of the collisions at BESIII, the importance of these measurements is
stressed here in case future developments could make them possible. Relevant discussions
on the prospects for measurements of charmed baryons are given in Sec. 5.3.1.
With 20 fb−1 of data at 3.773 GeV and 6 fb−1 around 4.178 GeV at BESIII, many D(s)
decays are expected to be measured with an uncertainty of about 1%, which will then be
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limited by the systematic uncertainties related to particle reconstruction in the different
final states. Improved measurements of these absolute BFs at BESIII will be highly
beneficial to some key measurements at LHCb, since it is expected that the uncertainty
of the reference mode will become the dominant uncertainty in several measurements. One
prime example is the LHCb measurement of B → D∗τ+ντ , which is used to test lepton
universality [51]. BESIII can make precise measurements of the BFs for D0, D+s , and D
+
inclusive decays to three charged pions and to the neutral particles, and exclusive decays to
final states with neutral kaons and pions (e.g ., D+s → η′pi+pi0, D+ → K¯0pi+pi+pi−pi0, and
D0(+) → ηX, X denotes any possible particle combinations), which will have a significant
impact on optimizing the background models. Another example is the determination
of the CKM matrix elements |Vc(u)b| via inclusive or exclusive SL B decays, such as
B → D∗`−ν` or Λ0b → Λ+c ¯`−ν`. Precise measurements of absolute BFs of both D0(+)(s) and
Λ+c decays (Sec. 5.3.1) are crucial for improvement of the |Vc(u)b| measurements.
Due to interference effects between the CF and DCS contributions, the BFs of D(s) →
K0SX and D(s) → K0LX are not expected to be equal. The recoil-mass method, or that
developed in Ref. [84], allows the efficient reconstruction of D(s) → K0LX decays at BESIII.
A difference of about 10% has been observed in D0 → K0S,Lpi0 decays at CLEO-c [84]
and has been confirmed at BESIII [85]. The two-body decays D0 → K0S,LX (X =
pi0, η, η′, ω, φ) are expected to have an asymmetry under the same mechanism [86], which
can be tested with the current ψ(3770) data, but the uncertainties will be dominated by
statistical uncertainties. Furthermore, measurements of these modes are of interest in
understanding the width difference in the neutral D system [87]. With the future 20 fb−1
and 6 fb−1 of data taken at
√
s = 3.773 and 4.178 GeV, these measurements will be
performed with much better precision.
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5.3 Charmed baryons
5.3.1 Λ+c physics
Studies of charm baryons have been ongoing since 1975 [88], with all ground states
of singly charmed baryons, as well as some excited states, having been observed. The
constituents of the lightest charmed baryon (Λ+c ) are one diquark (ud) and one heavy
charm quark (c), where, relative to the heavy quark, the light diquark is in a net quantum
state of spin zero and isospin zero. In a naive spectator model the Λ+c decays dominatedly
through the weak amplitudes c → W+s and c → W+d at leading order, which leads to
a simpler theoretical description in non-perturbative models than in the case of charmed
mesons. Hence, studying Λ+c decays allows a deeper understanding of strong and weak
interactions in the charm sector, which is complementary to that provided by charmed
mesons. In addition, the Λ+c is the cornerstone of the charmed baryon spectra. Improved
knowledge of Λ+c decays is essential to the studies of the whole charmed baryon family.
Furthermore, this knowledge will provide important information to the studies of beauty
baryons that decay into final states involving Λ+c .
Compared to the significant progress in the studies of charmed mesons (D0, D+, and
D+s ) in both theory and experiment, the advancement of our understanding of charmed
baryons has been relatively slow during the past 40 years. Until 2014, no absolute mea-
surements of the decay rates of the Λ+c had been performed, with almost all these rates
having been measured relative to the normalization mode Λ+c → pK−pi+, whose BF suf-
fered from a large uncertainty of 25%. This overall situation has changed since 2014,
when BESIII collected a data set of e+e− annihilation at
√
s = 4.6 GeV, corresponding
to an integrated luminosity of 567 pb−1. At this energy, the Λ+c Λ¯
−
c pairs are produced
in pairs with no accompanying hadrons. The total number of Λ+c Λ¯
−
c pairs produced is
approximately 100,000. This threshold data set provides a clean environment to system-
atically investigate the production and decays of the Λ+c . Precise BF measurements of
Λ+c → pK−pi+ were reported by Belle [89] and BESIII [90]; the combined precision of
the Λ+c → pK−pi+ BF is 5.2%, a five-fold reduction of the uncertainty with respect to
the previous result. In addition, more analyses were implemented at BESIII, Belle, and
LHCb. At BESIII a series of BF measurements have been reported, including
• absolute BF measurement of Λ+c → Λ`+ν` [91, 92], which motivated the first LQCD
calculation of this channel [93];
• absolute BF measurements of 12 Cabibbo-favored (CF) decays of the Λ+c [90], in-
cluding Λ+c → pK0S, pK−pi+, pK0Spi0, pK0Spi+pi−, Λpi+, Λpi+pi0, Λpi+pi+pi−, pK−pi+pi0,
Σ0pi+, Σ+pi0, Σ+pi+pi−, and Σ+ω;
• studies of singly-Cabibbo-suppressed (SCS) decays Λ+c → ppi+pi−, pK+K−, pη, and
ppi0 [94, 95];
• observation of modes with a neutron in the final state, Λ+c → nK0Spi+ [96] and
Σ−pi+pi+pi0 [97].
• measurements of the absolute BFs of Λ+c → Ξ0K+, Ξ∗0K+ [98], Σ+η and Σ+η′ [99].
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• studies of inclusive ΛX decay [100] and inclusive electronic decay [101].
Although much progress has been made since 2014, the knowledge of Λ+c decays is still
very limited in comparison to that of charmed mesons. Firstly, only a single SL decay
mode Λ`+ν` has been observed. Secondly, the DCS modes have not been systematically
studied. Thirdly, the known exclusive decays of the Λ+c account for only about 60% of the
total BF. Many channels are still unobserved. In particular, information about decays
that involve a neutron is minimal considering such decays should account for nearly half of
the Λ+c decay rate. A thorough investigation of these channels requires a much larger data
set taken in the low-multiplicity environment obtained at threshold in e+e− collisions.
5.3.2 Prospects in Λ+c physics
The approved energy upgrade project of BEPCII will increase the collision energy up
to 4.9 GeV. Together with commissioning of the top-up mode, we will be able to take
5 fb−1 of data at 4.64 GeV, which corresponds to the energy point with the expected
peaking cross section of the Λ+c Λ¯
−
c pairs. This data set will have more than 16 times
the statistics of the current BESIII data set at 4.6 GeV, and will allow to improve the
precision of the Λ+c decay rates to a level comparable to those of the charmed mesons, as
listed in Table 5.5. In addition, it will provide an opportunity to study many unexplored
physics observables related to Λ+c decays. In particular, this advancement will boost our
understanding of the non-perturbative effects in the charmed baryon sector.
A larger data set will guarantee the first absolute measurement of the form factors
in the SL decay Λ+c → Λ`+ν`, which is crucial for calibrating the various theoretical
calculations. Besides Λ+c → Λ`+ν`, more SL modes can be identified, such as those
listed in Table 5.6. According to the predicted rates in model calculations, the new CF
modes Λ+c → pK−e+νe and Σpie+νe will be established for the first time with the double-
tag technique. For the SCS mode, studying Λ+c → ne+νe will be challenging due to
the presence of two missing particles in the final state and the dominant Λ+c → Λe+νe
backgrounds. However, we still have the opportunity to identify the decay by taking
advantage of the well constrained kinematics, the clean reaction environment and neutron
shower information inside the electromagnetic calorimeter. Meanwhile, another SCS mode
Λ+c → ppi−e+νe can be searched for in the enlarged data set.
The hadronic weak decay of a singly charmed baryon is expected to violate parity
conservation. For instance, the two-body decay, Λ+c → Λpi+, proceeds via a W -interaction,
c → W+ + s, in which parity is not conserved. The Λ and pi+ particles are allowed to
be in an S- or P -wave state. The effects of parity violation are determined from the
polarization of the charmed baryons, which is characterized by the angular distribution
of the Λ in the Λ+c rest frame, taking the form of
dN
d cos θΛ
∝ 1 + αΛpi cos θΛ, where αΛpi
is the decay asymmetry parameter [107, 108]. In addition the decay asymmetry allows
discrimination between different theoretical models, as listed in Ref. [108]. Some decay
asymmetry parameters, e.g ., αΛpi for Λ
+
c → Λpi+, αΣ+pi0 for Λ+c → Σ+pi0, and αΞ−pi+
for Ξ0c → Ξ−pi+, have been studied previously, but with limited precision [2]. Therefore,
improved measurements are desirable, as they will shed light on the decay mechanism and
allow searches for CP asymmetries in the charmed baryon sector. In addition, more decay
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Table 5.6: Expected rates of the SL modes and estimated precision for 5 fb−1 of data at√
s = 4.64 GeV.
Mode Expected rate (%) Relative uncertainty (%)
Λ+c → Λ`+ν` 3.6 [93, 102] 3.3
Λ+c → Λ∗`+ν` 0.7 [103, 104] 10
Λ+c → NKe+νe 0.7 [103] 10
Λ+c → Σpi`+ν` 0.7 [103] 10
Λ+c → ne+νe 0.2 [102, 105, 106] 17
asymmetry parameters in Λ+c → Σ0pi+, pK¯0, and Ξ0c → Ξ−pi+ can be accessed. Based on
the sensitivity with the current BESIII data set, a 16× larger data set would result in an
approximate precision of 4% and 6% for measuring αΛpi+ and αΣ0pi+ , respectively.
The weak radiative decay Λ+c → γΣ+ is predicted to have a BF of 10−5 to 10−4. The
new data set will push the experimental sensitivity to 10−5, which provides an opportunity
to measure this process for the first time. Moreover, the SCS radiative decay Λ+c → γp
can be searched for.
We will have better sensitivity to explore the SCS modes, which at present have limited
precision or have not been studied before. Meanwhile, more modes with the neutron or
Σ− in the final state can be accessed. This will significantly enhance our knowledge of the
less well known decays, and will allow improved studies of Λ+c → ppi0 and first searches
for npi+ and nK+.
Thorough analysis of the involved intermediate states can be carried out in the decays
to multi-body final states. This can be achieved by implementing amplitude analyses of
the copious hadronic decays, such as Λ+c → pK−pi+, pK0Spi0, pK0Spi+pi−, Λpi+pi0, Λpi+pi+pi−,
pK−pi+pi0, and Σ+pi+pi−. From these analyses, more two-body decay patterns of Λ+c →
B
3
2P and B
1
2V can be extracted. Here, B
3
2 and B
3
2 denote baryon states with isospin 3
2
and 1
2
, respectively. Also, the Λ+c decays, acting as an isospin filter, provide a good place
to study light-hadron spectroscopy, such as the study of Λ∗ and scalar meson states via
the weak decays Λ+c → Σpipi, NKpi, and Λpi+η [109–112].
5.3.3 Σc and Ξc physics
Above 4.88 GeV, the Σc baryon can be produced via e
+e− → ΣcΛ¯−c pi. The width of
the Σ
0(++)
c has been well determined by Belle, while only an upper limit on the width of
the Σ+c was determined. BESIII will provide an improved width measurement of the Σ
+
c
via the dominant decay Σ+c → Λ+c pi0, which is useful to test the overall understanding
of the decay dynamics. Moreover, BESIII can also search for the decay of Σc → Λ+c γ,
which is theoretically expected to occur with a BF of approximately 1%. Above 4.74
GeV, the sum of the Λ+c and Σ
+
c masses, the isospin-violating EM reaction e
+e− → Σ+c Λ¯−c
happens. It is interesting to measure its cross section near threshold, whose ratio to the
cross section of e+e− → Λ+c Λ¯−c will provide insight of the vaccum productions of cc¯ and
ss¯ pairs. In addition, it is possible to study the Σc baryon pair production at 4.91 GeV
through e+e− → ΣcΣ¯c. Relative to the production rate of e+e− → Λ+c Λ¯−c , one can explore
the mechanism of generating ‘good’ spin-0 and ‘bad’ spin-1 u-d diquarks inside the Λc
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and Σc, respectively, near threshold.
For the charmed baryons Ξ0c and Ξ
+
c , the relative uncertainties of the measured BFs
are large, and most of the decays have not yet been studied experimentally [2]. Belle
performed first measurements of the absolute BFs of Ξ0c and Ξ
+
c decays in B¯
−(0) →
Λ¯−c Ξ
0(+)
c [113, 114]. Their results are given as
B(Ξ0c → Ξ−pi+) = (1.80± 0.50± 0.14)%,
B(Ξ0c → ΛK−pi+) = (1.17± 0.37± 0.09)%,
B(Ξ0c → pK−K−pi+) = (0.58± 0.23± 0.05)%,
B(Ξ+c → Ξ−pi+pi+) = (2.86± 1.21± 0.38)%,
B(Ξ+c → pK−pi+) = (0.45± 0.21± 0.07)%.
So far, their statistical uncertainties are about 30∼40% and their systematic uncertainties
are about 10%. The statistical uncertainties can be suppressed to about 5% at Belle II
with 50 times more data set by 2025. However, the systematic uncertainties have less
potential to be improved further. So the overall uncertainties will be below 10%.
If BEPCII has the possibility of increasing the cms energy above 4.95 GeV, which is
just above the mass of Ξc pairs, we will be able to perform absolute BF measurements
of Ξc decays in the same fashion as is done for the Λ
+
c . If we assume their production
cross sections of e+e− → Λ+c Λ¯−c and ΞcΞ¯c are at the same level near mass threshold, the
precisions at BESIII are expected to be competitive or superior to the Belle II results,
depending on different modes. These precise absolute BF measurements will be extremely
useful inputs for studying the b-baryon decays [51]. Furthermore, many of the missing
hadronic and SL decays of Ξc can be studied for the first time. The data set taken at this
energy can also be used to study the triplet states Σ++c , Σ
+
c , and Σ
0
c .
5.3.4 The EM structure of charmed baryons
As discussed in Chapter 4 of this White Paper, the BESIII experiment is perfectly
suited to perform precision studies of hyperon structure. The coming upgrades of BEPCII
opens up new avenues to study single-charm hyperons. In this section, we will discuss
these possibilities and the prospects of performing tests of CP violation in hyperon decays.
Let’s consider a hyperon-antihyperon pair Y Y¯ , where Y and Y¯ have spin 1/2, produced
in e+e− annihilation. The differential cross section can be parameterized in terms of
electric and magnetic form factors, GE(q
2) and GM(q
2), which are related to helicity flip
and non-flip amplitudes, respectively. These are linear combinations constructed from
Dirac and Fermi unconstrained form factors F1 and F2: GE = F1 +F2 and GE = F1 +τF2,
where τ = q
2
4m2Y
, and mY is the Y mass. The differential cross section can be expressed as
dσ
d cos θ
∝ 1 + η cos2θ , (5.8)
where θ is the polar angle of Λ+c in the e
+e− center-of-msss system, −1 ≤ η ≤ 1 and is
related to the form-factor ratio R = |GE/GM | in the following way
R =
√
τ
√
1− η
1 + η
. (5.9)
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The form factors are complex in the time-like region, i.e., they can be written as
GM(q
2) = |GM(q2)|eiΦM and GE(q2) = |GE(q2)|eiΦE , from which the relative phase can be
defined: ∆Φ = ΦE−ΦM . This non-trivial relative phase has an impact on spin projections
and spin correlations of the produced hyperons and could be detected experimentally via
the weak decay of hyperons.
The challenge in charmed baryon studies is the lack of prominent decay modes with
large BFs. All two-body decay channels have a BF of (1-2)% [2]. Consequently, even a
large data set yields only a few hundred reconstructed events per channel. In particular,
only the single-tag method can be applied to produce an adequate sample.
The most straightforward mode to study the Λ+c polarization is the Λ
+
c → K0Sp channel.
Then, the formalism outlined in Ref. [115] can be used, adapted for single-tag Λ+c → K0Sp
measurements by integrating over the antiproton angles:
W(ξ) = 4pi(1 + η cos2 θ + αK0Sp
√
1− η2 sin(∆Φ)(sin θ cos θ sin θ1 sinφ1)), (5.10)
where ξ is a vector of the involved parameters and variables, θ is the polar angle of Λ+c in
the e+e− center-of-msss system, θ1 (φ1) is the solid angle in the Λ+c (Λ¯
−
c ) helicity system,
and αK0Sp is the decay-asymmetry parameter. The disadvantage is that the decay asymme-
try αK0Sp is not known, so only the product αK0Sp sin(∆Φ) can be determined. However, if
one studies sequential decays such as Λ+c → Λpi+,Λ→ ppi−, using the formalism outlined
in Ref. [116], the asymmetry parameters β and γ are also accessible.
A measurement [117] of ∆Φ has been made using a data set collected by the BESIII
detector at
√
s = 4.6 GeV (corresponding to τ = 1.012), using an integrated luminosity of
Lint = 0.6 fb−1. The value reported is sin(∆Φ) = −0.28± 0.13± 0.03. It is expected that
the phase initially increases when
√
s goes higher but the most important improvement
should come from larger statistics. Therefore, this motivates a high statistics study of
the process e+e− → Λ+c Λ¯−c at the energy providing the highest yield of Λc. In particular,
the reaction has maximum cross section at about 4.64 GeV, as expected from Belle data.
This energy corresponds to a kinematic factor of τ = 1.034.
Another interesting study of the Λ+c form factor would be with a kinematic factor of
approximately τ = 1.058, which is the value at which the preliminary BESIII measurement
of the Λ was made and yielded the result ∆Φ = (37± 12± 7)◦. Such a measurement will
enable the first complete extraction of the EM form factor of a charmed hyperon, thus
shedding light on the role of strangeness and charm in hadron structure, and provide a
systematic comparison with the strange partner.
Several three-body decay channels have BFs five to seven times larger relative to
the two-body decays [2]. In Ref. [118], it was found that for an integrated luminosity
of 567 pb−1 the number of tagged Λ+c → pK−pi+ was around 3000, and similarly for
the charge-conjugate Λ¯−c → p¯K+pi−. It may therefore be a better strategy to construct
an angular observable for a three-body decay that is sensitive to the EM phase ∆Φ
[115, 119, 120]. With the data set proposed, such strategies can be pursued to give
complementary measurements of ∆Φ.
Tests of CP violation can be made for two-body decays of charm hyperons as for
strange hyperons; suitable observables for CP tests have been derived, e.g ., in Ref. [121].
These asymmetries are common in terms of the asymmetry parameters measured sepa-
5.4. SUMMARY 145
rately for Λ+c and Λ¯
−
c , which can be done in the large data proposed above the threshold
for production.
5.4 Summary
In this chapter we have presented the physics studies that are possible with da-
ta corresponding to integrated luminosities of 20 fb−1 at
√
s = 3.773 GeV, 6 fb−1 at√
s =4.178 GeV, and 5 fb−1 at
√
s = 4.64 GeV; these cms energies correspond to the
optimal values to accumulate samples of DD¯, D∗+s D
−
s , and Λ
+
c Λ¯
−
c events at threshold, re-
spectively. Such samples at threshold allow a double-tag technique to be employed where
the full event can be reconstructed, even if it contains one undetected particle such as a
ν or K0L meson. These samples provide a unique environment to measure the absolute
BFs of charmed hadrons to leptonic, SL and hadronic final states, with very low levels
of background. Such measurements provide rigorous tests of QCD, CKM unitarity and
LFU that complement similar studies of beauty hadrons. Furthermore, the 20 fb−1 of
data of coherent ψ(3770) → D0D¯0 events allow measurements of the strong-phase dif-
ference between the D0 and D¯0 that are essential inputs to determining the UT angle γ
in a model-independent fashion from B decays at LHCb and its upgrades, as well as at
Belle II. These strong-phase differences can only be determined using this data set to the
required level of precision. In addition, these strong-phase measurements are important
ingredients of model-independent measurements of D0D¯0 mixing and searches for indirect
CP violation in D0 decay. Finally, there are additional studies of charmed baryons that
can be performed related to their electromagnetic form factors and, if the BEPCII cms
energy is upgraded, studies of the absolute BFs of Σc and Ξc. Table 5.7 presents the pre-
cision prospects on some key measurements in D0(+), D+s , and Λ
+
c based on the proposed
data set in the future, and comparison with those at Belle II and LHCb.
Table 5.7: Prospects on some key measurements at the future BESIII, and comparison
with Belle II. ‘NA’ means ‘not available’ and ‘–’ means ‘no estimation’.
Observable Measurement BESIII Belle II
B(D+ → `+ν) fD+ |Vcd| 1.1% 1.4%
B(D+s → `+ν) fD+s |Vcs| 1.0% 1.0%
dΓ(D0(+) → K¯`+ν)/dq2 fK+ (0)|Vcs| 0.5% 0.9%
dΓ(D0(+) → pi`+ν)/dq2 fpi+(0)|Vcd| 0.6% 1.0%
dΓ(D+s → η`+ν)/dq2 fη+(0)|Vcs| 0.8% –
Strong phases in D0D¯0 Constraint on γ < 0.4◦ N/A
Λ+c → pK−pi+ B 2% 3%
Λ+c → Λ`+ν B 3.3% –
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Chapter 6
Exotic Decays and New Physics
6.1 Introduction
With the discovery of the Higgs boson in 2012, the Standard Model (SM) has been
firmly established. However, there are many compelling reasons to believe that the SM is
not the ultimate theory, and the search for physics beyond the SM is well motivated.
There is strong synergy between direct and indirect searches for New Physics (NP). To
identify possible NP paradigms, results from both low energy electron-positron colliders
and high energy hadron colliders are needed [1]. Studies performed at electron-positron
collider experiments such as BESIII may indicate hints of NP that could be directly
probed at an energy frontier experiment, or even make some discoveries directly.
With high luminosity, clean collision environment, and excellent detector performance,
the BESIII experiment has great potential to perform searches for NP. BESIII has already
published some NP search results based on the existing data sets. There are still some
unique opportunities worth further exploring. In general, NP searches at BESIII could
be classified into three broad categories, which are demonstrated in this chapter:
1. Processes that are allowed in the SM.
NP searches of this type include testing relations among SM-allowed processes that
are known to hold only in the SM, but not necessarily in models beyond the SM.
Some examples have been discussed in depth by previous chapters, such as testing
CKM triangle relations, precision measurement of Dq → `ν¯ (q = d, s; ` = e, µ, τ),
precision QCD tests etc. We focus on some additional topics, such as weak decays
of charmonium states in Sec. 6.2.1, and rare radiative and rare leptonic decays of D
mesons in Sec. 6.2.2.
2. Processes that are forbidden in the SM at tree level.
Processes that involve flavor-changing neutral current (FCNC) interactions that
change charm quantum number by one or two units do not occur in the SM at
tree level. However, these transitions can happen in the SM at loop levels, which
makes them rare. Such processes can receive NP contributions from both tree-level
interactions mediated by new interactions, and loop corrections with NP particles.
Inclusive and exclusive transitions mediated by c→ uγ or c→ u`¯` will be discussed
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in Sec. 6.2.2. Searches for violation of CP and other symmetries in baryon decays
and in D0D¯0 mixing will be discussed in Sec. 6.3. Charged lepton flavor violation
decays will be discussed in Sec. 6.4.
3. Processes that are forbidden in the SM.
Some processes, while allowed by space-time symmetries, are forbidden in the SM.
Even if allowed by NP, searching for these signatures require high statistics. Their
observation, however, would constitute a high-impact discovery, as it would unam-
biguously point towards physics beyond the SM. Examples include searches for the
baryon number-violating transitions as discussed in Sec. 6.3.2 and Sec. 6.3.3, lepton
number violating decays as covered in Sec. 6.4.4. Many well-motivated NP models
predict the existence of light, weakly-interacting particles. Since such light particles
are not part of the SM particle spectrum, the corresponding processes do not occur
in the SM. Such processes involving invisible signatures are discused in Sec. 6.5.
Some further searches at the off-resonance energies, where the electron and positron
are not tuned to the s-channel resonance production of the charmonium states, are
discussed in Sec. 6.6.
With the accumulation of large data sets and possible increase of luminosity and cms
energy, as well as an ever-improving understanding of the detector performance, BESIII
will have great potential in NP searches in the coming years.
6.2 Rare decays of charmonia and charmed hadrons
Experiments at the energy frontier may be able to probe NP through direct production
of new particles. These new degrees of freedom could affect low energy observables.
Experiments at the intensity frontier can probe those new virtual contributions via decays
of charmonia and charmed hadrons, making them complementary to direct searches at
the energy frontier.
6.2.1 Weak decays of charmonia states
The decays of ψ(nS) (n = 1, 2) below the open-charm threshold are dominated by the
strong or electromagnetic interactions where the intermediate gluons or virtual photons
are produced by cc¯ annihilation. However, flavor-changing weak decays of these states
through virtual W bosons are also possible in the SM framework. For instance, the
branching fractions of J/ψ inclusive weak decays are estimated to be of the order of
10−10 [2]. As mentioned in Refs. [3–6], the branching fractions of J/ψ → D(D¯)X (with X
denoting any hadrons) can be enhanced by new interactions. Several NP models, such as
the top-color model, the minimal supersymmetric standard model (MSSM) with R-parity
violation and a general two-Higgs doublet model (2HDM), allow ψ(nS) flavor-changing
processes to occur with branching fractions around 10−6 [3, 4]. The observation of an
anomalous production rate in ψ(nS) weak decays would be a strong hint of NP.
With the newly accumulated 1010 J/ψ events, we expect to improve the branching
fraction measurements of ψ(nS) weak decays, including both hadronic and semi-leptonic
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Table 6.1: Predicted branching fractions and expected sensitivities with a sample of 1010
J/ψ events of two-body hadronic weak decays of J/ψ → D(s)P,D(s)V and D∗(s)V .
Decay type Example exp. sensitivity predicted B [7–10]
(×10−6) (×10−10)
c→ s D(s)P J/ψ → D−s pi+ 9.9 2.00 ∼ 8.74
J/ψ → D0K0 13.0 0.36 ∼ 2.80
D(s)V J/ψ → D−s ρ+ 2.0 12.60 ∼ 50.50
J/ψ → D0K∗0 0.38 1.54 ∼ 10.27
D∗(s)V J/ψ → D∗−s ρ+ 1.7 52.60
c→ d D(s)P J/ψ → D−s K+ 9.8 0.16 ∼ 0.55
J/ψ → D−pi+ 0.21 0.08 ∼ 0.55
J/ψ → D0η 0.72 0.016 ∼ 0.070
J/ψ → D0η′ 0.25 0.003 ∼ 0.004
J/ψ → D0pi0 0.48 0.024 ∼ 0.055
D(s)V J/ψ → D−s K∗+ 5.4 0.82 ∼ 2.79
J/ψ → D−ρ+ 0.35 0.42 ∼ 2.20
J/ψ → D0ρ0 0.77 0.18 ∼ 0.22
J/ψ → D0ω 0.35 0.16 ∼ 0.18
J/ψ → D0φ 0.22 0.41 ∼ 0.65
D∗(s)V J/ψ → D∗−s K∗+ 4.5 2.6
J/ψ → D∗−ρ+ 0.083 2.8
J/ψ → D∗−K∗+ 0.027 9.6
weak decays, by almost one order of magnitude, which will provide a more stringent
experimental test of the SM than previous searches, and hence further constrain the
parameter spaces of NP models. These weak decays can also be searched for in the
expected 3× 109 ψ(3686) events
ψ(nS)→ D(s)P/D(s)V/D∗(s)V
Several theoretical calculations of the branching fractions of two-body hadronic weak
decays of J/ψ → D(s)P/D(s)V/D∗(s)V , where D represents a charmed meson, P and V
a pseudoscalar and vector meson, respectively, are summarized in the last column of
Table 6.1. The charge conjugate states are implicitly included.
The BESII experiment searched for the hadronic decays J/ψ → D−s pi+, J/ψ → D−pi+,
and J/ψ → D0K0 and set upper limits at the order of 10−4 ∼ 10−5 using a sample of
5.8 × 107 J/ψ events [11]. BESIII has searched for the rare decays J/ψ → D−s ρ+ and
J/ψ → D0K∗0 with a sample of 2.25× 108 J/ψ events [12]. No signal was observed, and
upper limits at the 90% C.L. were set on the branching fractions, B(J/ψ → D−s ρ+) <
1.3 × 10−5 and B(J/ψ → D0K∗0) < 2.5 × 10−6. These results are several orders of
magnitude above the SM predictions and can be improved with larger data sets. The
expected sensitivity with a sample of 1010 J/ψ events are estimated as listed in the third
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column of Table 6.1.
ψ(nS)→ D(s)l+ν/D∗(s)l+ν
Semi-leptonic decays of ψ(nS) mesons are induced by weak c→ s or c→ d transitions
through a virtual intermediate W boson. Theoretical calculations predict the branching
fractions of J/ψ → D(∗)s l+ν and J/ψ → D(∗)l+ν to be at the level of 10−9 and 10−10,
respectively, by using QCD sum rules and employing the covariant light-front quark mod-
el [9]. It is therefore interesting to search for semi-leptonic weak decays of ψ(nS) states
in high intensity and low background experiments.
The BESII experiment searched for several semi-leptonic weak decays of the J/ψ.
Using 5.8×107 J/ψ decay events, the upper limits at the 90% C.L. for B(J/ψ → D−s e+ν)
and B(J/ψ → D−e+ν) were found to be 3.6 × 10−5 and 1.2 × 10−5, respectively [13].
BESIII has searched for the decay J/ψ → D−s e+ν/D∗−s e+ν with a much higher sensitivity
than previous analyses, based on a sample of 2.25×108 J/ψ events [14]. At the 90% C.L.,
the upper limits were determined to be B(J/ψ → D−s e+ν) < 1.3 × 10−6 and B(J/ψ →
D∗−s e
+ν) < 1.8 × 10−6. Both are consistent with SM predictions, but can be improved
with more data.
ψ(nS)→ D(∗)0l+l−/D(∗)0γ
The rates of c → u transitions of ψ(nS) are predicted to be tiny in the SM [3, 15].
However, some NP scenarios allow for larger FCNC transition rates. For example, Ref. [3]
argues that the branching fraction of J/ψ → DXu (with Xu denoting mesons containing
the u quark), which is mediated by the c→ u quark transition, could be enhanced to be
of order 10−6− 10−5. Thus, an observation of FCNC in the low-lying charmonium decays
would indicate NP.
In practice, it is difficult to isolate pure c → u mediated transitions from c → s and
c → d in hadronic weak decays of the type ψ(nS) → D(∗)Xu. Instead, theoretically
(relatively) clean semi-leptonic or radiative rare decays ψ(nS)→ D(∗)0l+l− and ψ(nS)→
D(∗)0γ should be employed. The energy distributions of the final state photons or lepton
pairs could be used as kinematic constraints to identify those decays.
6.2.2 Rare radiative and rare leptonic D(s) decays
The decays of D mesons that are mediated by quark-level FCNC transitions c → uγ
(rare radiative) and c→ u`` (rare leptonic and semi-leptonic) only proceed at one loop in
the SM. The absence of a super-heavy down-type quark in the SM implies that Glashow-
Iliopoulos-Maiani cancellation mechanism is very effective, making the charm sector of
special interest in probing for NP. The predicted short-distance (SD) contributions of the
SM for FCNC in the charm sector are well beyond the sensitivity of current experiments.
Yet, theoretical estimates suggest that the rates for FCNC processes could be enhanced
by long-distance (LD) effects by several orders of magnitude.
There are a number of interesting FCNC processes in the charm sector. Such examples
include D → h(h′)``′ and D → hνν, where h represents light hadron states and ` is a
charged lepton. Such decays could be interesting probes of NP, especially in light of
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renewed interest to lepton flavor universality (LFU) studies in B decays. While SM
interactions in general respect LFU, recent experimental observations (see, e.g., [16])
show hints of LFU violation in rare semi-leptonic decays of B mesons. Theoretically, such
violation could come from new lepton-flavor non-universal interactions [17], which might
also be detectable in D-decays [18]. Such interactions might also induce lepton-flavor
violating effects [19] (see section 6.4), although this depends on a particular model of NP.
Even though the charm production rate in e+e− collisions near the charm threshold
is lower than that at hadron colliders and B-factories, BESIII has the benefit of lower
multiplicity and the ability to impose powerful kinematic constraints, which can deliver
high purity for final states with invisible energy or photons.
Rare radiative decays (such as D → ργ) are most likely dominated by the LD SM
contributions, which are quite difficult to compute [20–22]. Yet, there are opportunities
to study NP effects in rare radiative transitions. These include a possibility that NP
dominates the SM signal at least in portions of the available phase space [23], using
particular combinations of radiative transitions [24], including CP-violating asymmetries
[25, 26], or studying the photon’s polarization patterns [27] that could be more sensitive
to NP contributions.
Two-body rare decays with charged leptons
The simplest rare leptonic decays, such as D0 → `+`−, have a very small SM contribu-
tion (both SD and LD ones), so they are potentially very clean probes of NP amplitudes.
In this section we shall concentrate on the lepton-flavor conserving decays.
Experimentally, at present, there are only upper limits on D0 → `+`− decays [28].
Theoretically, all possible NP contributions to c → u`+`− can be summarized in an
effective Hamiltonian,
HrareNP =
10∑
i=1
C˜i(µ) Q˜i, (6.1)
where C˜i are Wilson coefficients, and the Q˜i are the effective operators. In this case, there
are ten of them,
Q˜1 = (`Lγµ`L) (uLγ
µcL) ,
Q˜2 = (`Lγµ`L) (uRγ
µcR) ,
Q˜3 = (`L`R) (uRcL) ,
Q˜4 = (`R`L) (uRcL) ,
Q˜5 = (`Rσµν`L) (uRσ
µνcL) , (6.2)
with five additional operators Q˜6, · · · , Q˜10 that can be obtained from operators in Eq. (6.2)
by the substitutions L → R and R → L. It is worth noting that only eight operators
contribute to D0 → `+`−, as 〈`+`−|Q˜5|D0〉 = 〈`+`−|Q˜10|D0〉 = 0. The most general
D0 → `+`− decay amplitude can be written as
M = u¯(p−, s−) [A+Bγ5] v(p+, s+) , (6.3)
which results in the branching fractions
BD0→`+`− = MD
8piΓD
√
1− 4m
2
`
M2D
[(
1− 4m
2
`
M2D
)
|A|2 + |B|2
]
. (6.4)
158 CHAPTER 6. EXOTIC DECAYS AND NEW PHYSICS
Any NP contribution described by the operators of Eq. (6.2) gives for the amplitudes A
and B,
|A| = GfDM
2
D
4mc
[
C˜3−8 + C˜4−9
]
,
|B| = GfD
4
[
2m`
(
C˜1−2 + C˜6−7
)
+
M2D
mc
(
C˜4−3 + C˜9−8
)]
, (6.5)
with C˜i−k ≡ C˜i − C˜k. Any NP model that contributes to D0 → `+`− can be constrained
from the constraints on the Wilson coefficients in Eq. (6.5). It will be advantageous
to study correlations of various processes to isolate and constrain the NP contributions
[29, 30]. Such correlations exist, for instance, in D0D¯0 mixing and rare decays [29]. In
general, one cannot predict the rare decay rate by knowing just the mixing rate, even if
both xD and BD0→`+`− are dominated by a given NP contribution. It is, however, possible
for a restricted subset of NP models [29]. Predictions for D0 → µ+µ− branching fraction
for xD ∼ 1% can be found in Ref.[29] with the definitions of NP model parameters.
Table 6.2: The latest experimental upper limits on branching fractions (in units of 10−6) for
the rare D and Ds decays into h(h
′)e+e−. The expected BESIII sensitivities with the expected
final charm data set listed in Sec. 7 are also shown in the last column.
Decay Upper limit Experiment Year Ref. BESIII Expected
D0 → pi0e+e− 0.4 BESIII 2018 [34] 0.1
D0 → ηe+e− 0.3 BESIII 2018 [34] 0.1
D0 → ωe+e− 0.6 BESIII 2018 [34] 0.2
D0 → K0Se+e− 1.2 BESIII 2018 [34] 0.5
D0 → ρe+e− 124.0 E791 2001 [35] 0.5
D0 → φe+e− 59.0 E791 2001 [35] 0.5
D0 → K∗0e+e− 47.0 E791 2001 [35] 0.5
D0 → pi+pi−e+e− 0.7 BESIII 2018 [34] 0.3
D0 → K+K−e+e− 1.1 BESIII 2018 [34] 0.4
D0 → K−pi+e+e− 4.1 BESIII 2018 [34] 1.6
D+ → pi+e+e− 1.1 BaBar 2011 [36] 0.12
D+ → K+e+e− 1.0 BaBar 2011 [36] 0.46
D+ → pi+pi0e+e− 1.4 BESIII 2018 [34] 0.5
D+ → pi+K0Se+e− 2.6 BESIII 2018 [34] 1.0
D+ → K0SK+e+e− 1.1 BESIII 2018 [34] 0.4
D+ → K+pi0e+e− 1.5 BESIII 2018 [34] 0.6
D+s → pi+e+e− 13.0 BaBar 2011 [36] 70.0
D+s → K+e+e− 3.7 BaBar 2011 [36] 1.7
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Three-body rare decays with charged leptons
Theoretical predictions of the decay rates of di-lepton modes such as D → h(h′)e+e−
are complicated due to the LD contributions. The rates with a lepton-pair mass in the
non-resonant regions could provide access to NP [30–33], at least for some particular BSM
models. Table 6.2 shows some interesting D → h(h′)e+e− modes that can be studied at
the BESIII experiment, and the corresponding experimental upper limits on the branching
fractions are also summarized. Recent BESIII paper [34] has already improved some of
the limits by several orders of magnitude. With more data in future, we expect to improve
these limits and some new modes could also be probed, depending on how background-
free a given mode is. The expected BESIII sensitivities with the expected final charm
data set listed in Sec. 7 are also shown in the last column of Table 6.2.
Three-body rare decays with neutrinos
Neutral modes, such as D0 → pi0νν, have never been studied at charm threshold
before. It is possible that the LD SM effects are under better theoretical control in such
transitions [22]. Belle reported a similar search for the rare decays B → h(∗)νν [37],
and BaBar searched for B0 → γνν [38]. With 20 fb−1 data sample at √s = 3.773 GeV,
BESIII’s sensitivity of B(D0 → pi0νν) measurement could reach 10−4 or better.
Radiative decay modes D0 → γνν serve as physics background to searches for light
Dark Matter (DM), as described in Sec. 6.5.1. This transition has an unobservable small
branching fraction of B(D0 → γνν) = 3.96× 10−14 in the SM [39], making the final state
of a photon with missing energy a suitable topology for searches for light dark matter
(DM) at BESIII.
6.3 Symmetry test in hyperon decays
The Sakharov conditions for baryogengesis underline the role of CP violation as one
of the central pieces of the matter-antimatter asymmetry puzzle [40]. However, the CKM
mechanism for CP violation in the SM fails to fully explain the puzzle of the matter-
antimatter asymmetry by more than 10 orders-of-magnitude [41]. This suggests that
additional, heretofore undiscovered, CP violating processes exist, and has motivated ag-
gressive searches for new sources of CP violation in b-quark decays and neutrino oscilla-
tions [42]. CP violation in charm decay is very small and had not yet been found until
the discovery in 2019 at LHCb. LHCb finds non-zero CP violation in D0 → pi+pi− and
D0 → K+K− decays with a significance of 5.3σ. The time-integrated CP asymmetry is
given as
∆aCP =
Γ(D → K+K−)− Γ(D¯ → K+K−)
Γ(D → K+K−) + Γ(D¯ → K+K−) −
Γ(D → pi+pi−)− Γ(D¯ → pi+pi−)
Γ(D → pi+pi−) + Γ(D¯ → pi+pi−)
= (−0.154± 0.029)%, (6.6)
where D(D¯) is a D0(D¯0) at time t=0 [43]. This result is at the high end of theoretical
estimates for its SM value, which ranges from 10−4 to 10−3. The LHCb result is intriguing,
because it may be a sign of the long-sought-for-non-SM mechanism for CP violation.
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Figure 6.1: Illustration of the charge (C), parity (P) and CP transformation on the Λ → ppi−
decays
However, uncertainties in SM theoretical calculations for ∆aCP make it impossible to rule
out this possibility. BESIII’s current 10−3 ∼ 10−2 level of sensitivity on charm meson
CP violation is still more than one order of magnitude above the highest conceivable
SM effects. In addition to charmed mesons, BESIII has accumulated huge data samples
of strange and charmed baryons, thus providing a unique opportunity to examine the
strong dynamics of strange/charm decays, and another route to probe the phenomenon
of CP violation. In this section we will briefly discuss strange/charmed baryon decays
and outline various paths to the observation of CP violation and baryon number violation
(BNV).
6.3.1 Probing CP asymmetry in hyperon decays
BESIII has capability for testing CP symmetry in hyperon decays, produced via
J/ψ → BB¯ with BB¯ denoting polarized, quantum-entangled hyperon pairs, which adds
an exciting new dimension to the study of CP violations.
A weak two-body decay of a spin one-half baryon under charge and parity transfor-
mations is illustrated in Fig. 6.1 for the most prominent decay mode of Λ → ppi−. The
picture is drawn in the Λ rest frame and the spin polarization vector PΛ is pointing up-
ward. The daughter proton emitted at angles θd and φd with respect to the polarization
vector PΛ is transformed under CP into an anti-proton emitted at angles pi− θd and −φd
with respect to the polarization vector of the parent Λ¯. In addition, in the weak decay
the polarization of the final proton could have a transverse component (along the pp×pΛ
vector). This component for the antiproton will have opposite direction.
Direct CP asymmetry
The most straightforward CP-odd observable is the difference between the partial
decay rates for the decay and the CP-transformed process:
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∆ =
Γ− Γ
Γ + Γ
. (6.7)
Furthermore, the parity violation in the hyperon decays allows much more sensitive tests
to be constructed. A 1/2 → 1/2 + 0 two-body nonleptonic weak decay can be described
by the partial width Γ and decay parameters α, β, γ:
α =
2Re(S∗P )
|S|2 + |P |2 , β =
2Im(S∗P )
|S|2 + |P |2 =
√
1− α2 sinφ, γ =
√
1− α2 cosφ. (6.8)
Only two parameters are independent and it is convenient to use α and φ. The parameter
α has a simple interpretation due to the asymmetry of the angular distribution for the
daughter proton, as given by
dΓ
dΩd
∝ 1
4pi
(1 + αPΛ cos θd) . (6.9)
A comparison of the decay parameters of a hyperon and the anti-hyperon leads to
sensitive tests of CP symmetry. The CP-odd observables are
A =
α + α
α− α , B =
β + β
β − β . (6.10)
Here α corresponds to α− in the Λ → ppi− decay, while α corresponds to α+ in the
Λ¯ → p¯pi+ decay; and the quantity β can not be measured in the joint J/ψ → ΛΛ¯ →
ppi−p¯pi+ decay. In general, sensitivity of these asymmetries to CP violation scales as
∆ : A : B ∼ 1 : 10 : 100. The asymmetry A has been studied in p¯p experiments and at
e+e− colliders [44–47]. The present world average is A = 0.006 ± 0.021, while the CKM
mechanism predicts a value of A ∼ 10−5 − 10−4 [48, 49]. Predictions in scenarios beyond
the SM are given in Refs. [50, 51]. There also exist dynamical calculations in Refs. [52, 53].
Experimental prospects on CP-symmetry tests for the charmed baryon by determination
of α are discussed in Ref. [54].
At BESIII, J/ψ mesons are produced in the annihilation of unpolarized electron-
positron beams and therefore the spin-density matrix of the J/ψ depends only on the
scattering angle θΛ between the electron beam direction and the Λ momentum in the
reaction cms system. The helicity frames to describe the subsequent decay chains are
shown in Fig. 6.2.
The coherent production of Λ/Λ¯ pairs from the decay J/ψ → ΛΛ¯ with subsequent
weak decays of the Λ and Λ¯ is a very simple spin-entangled quantum system where the
final state is specified by four real parameters summarized in Table 6.3.
A recent BESIII study with 1.3 × 109 J/ψ events has observed a transverse spin
polarization of Λ/Λ¯ and the phase between the hadronic form factors has been determined.
The polarization effect is illustrated by dividing the data sample into 50 cos θΛ bins and
plotting the cos θΛ dependence of the moment µ(cos θΛ) = 1/N
∑N(θΛ)
i (sin θ
i
1 sinφ
i
1 −
sin θi2 sinφ
i
2), where N is the total number of events in the data sample and N(θΛ) is the
number of events in a cos θΛ bin. This dependence enables us to extract simultaneously
162 CHAPTER 6. EXOTIC DECAYS AND NEW PHYSICS
e+
e−
z
y
x
¯
y
x
Λ
Λ¯
J/ψ
z
¯
¯
Figure 6.2: Definition of the helicity frames for J/ψ → ΛΛ¯→ ppi−p¯pi+.
Table 6.3: List of kinematic variables (helicity angles) and parameters used in the analysis of
the decay chain.
Decay Coordinate system Helicity angles Parameters
J/ψ → ΛΛ¯ cms (θΛ, φΛ) αψ, ∆Φ
Λ→ ppi− (x, y, z) (θ1, φ1) α−
Λ¯→ p¯pi+ (x¯, y¯, z¯) (θ2, φ2) α+
α− = 0.750 ± 0.009 ± 0.004 and α+ = −0.758 ± 0.010 ± 0.007 and calculate the most
precise value for A of −0.006± 0.012± 0.007, where in the propagation of the statistical
uncertainty a large value of the correlation coefficient ρ(α+, α−) = 0.82 is included.
New BESIII data of 1010 J/ψ events will enable an improved measurement of the
parameter A. In the future measurement the systematic uncertainty will be significantly
improved since this simple system permits several internal consistency checks to be per-
formed. In the general case of two spin one-half particles we have 16 polarization and spin
correlation distributions to be fully described by only four global parameters. In addition,
the use of other monitoring and calibration channels allows independent corrections for
any bias to be determined. In addition, if a similar polarization is observed also for other
hyperons then similar studies will be possible, e.g., for the Ξ hyperon with its cascade
decays B asymmetry tests would be possible.
The triple-product asymmetry
Apart from the above mentioned direct measurement, we can also exploit the triple-
product asymmetry as a CP-violating observable. Studies of CP violation in Λ and other
hyperon decays using this approach are proposed in Ref. [55]. The direct CP-violating
asymmetry Adir and the triple-product asymmetry AT depend on the weak phase φ and
the strong-phase δ as follows:
Adir ∝ sinφ sin δ,
AT ∝ sinφ cos δ. (6.11)
The direct asymmetry only survives if there is a non-zero strong phase, whereas the
triple-product asymmetry with the strong phase vanishes. Therefore the two methods are
6.3. SYMMETRY TEST IN HYPERON DECAYS 163
complementary, particularly if the strong phase is unknown.
The triple product is defined as ~v1 · (~v2 × ~v3), where ~v can be a three-momentum
or a spin vector. Under time reversal the triple product changes sign, and thus it is a
T -violating signal. But final-state interactions (FSI) can give a false CP-violation signal.
As a result, one must compare the channel to its conjugate. For an illustration of this
point, one may refer to Refs. [56, 57]. Such considerations have led to a corresponding
proposal for BESIII [58, 59], as well as in beauty decays [60–64], and in the search for NP
effects [65, 66].
We illustrate the method with the process e+e− → J/ψ → ΛΛ¯ → [ppi−][p¯pi+] below.
This process is transformed to itself under charge conjugation. Since the polarization
of the proton and the antiproton is not measured, we have four independent vectors to
construct triple products. Two of them are k and pΛ – the three-momenta of incoming
electron and outgoing Λ in the reaction cms frame. The remaining ones are q1 and q2 –
the momenta of the proton and antiproton in the Λ and Λ¯ rest frames, respectively. For
example, defining CT = (pΛ×q1) ·pΛ, and C¯T = −(pΛ×q2) ·pΛ, we can define following
triple-product asymmetries
〈AT 〉 = N(CT > 0)−N(CT < 0)
N(CT > 0) +N(CT < 0)
(6.12)
〈A¯T 〉 = N(−C¯T > 0)−N(−C¯T < 0)
N(−C¯T > 0) +N(−C¯T < 0) . (6.13)
Therefore CPT invariance implies
AT = 〈AT 〉 − 〈A¯T 〉 6= 0 (6.14)
is a CP-odd observable, which can be measured merely through event counting. Another
triple product is (q1 × q2) · pΛ, related to the Cxz¯ − Czx¯ spin correlation term. This
last triple product allows limits on the Λ electric-dipole moment dΛ to be improved, as
discussed in Refs. [67, 68].
The CP asymmetries can also be studied locally as a function of the kinematic variable
cos θΛ, limiting the range of the triple-product values:
AT (d) = N(CT > |d|)−N(CT < −|d|)
N(CT > |d|) +N(CT < −|d|) . (6.15)
By considering the efficiency of the BESIII detector, the number of observed events
and the corresponding statistical error for various channels are estimated. The expected
sensitivity with the 1010 J/ψ events is shown in Table 6.4.
A wide range of CP tests in hyperon sector can also be performed in a single measure-
ment of the spin entangled Ξ-Ξ¯ system [69]. From the joint distributions for e+e− → ΞΞ¯,
it shows that the role of the transverse polarization is fully replaced by the diagonal spin
correlations between the cascades. All decay parameters can be determined simultaneous-
ly and the statistical uncertainties do not depend on the size of the transverse polarization
in the production process. The BESIII sensitivities are shown in Table 6.5 with correla-
tions between parameters considered. The results practically do not change between the
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Table 6.4: The number of reconstructed events after considering the decay branching
fractions, tracking and particle identification with 1010 J/ψ events. The sensitivity is
estimated without considering the possible background dilution, which is small at BESIII.
Systematic uncertainties are expected to be of the same order as the statistical ones.
Channel Number of events Sensitivity on AT
J/ψ → ΛΛ¯→ [ppi−][p¯pi+] 2.6× 106 0.06%
J/ψ → Σ+Σ¯− → [ppi0][p¯pi0] 2.5× 106 0.06%
J/ψ → Ξ0Ξ¯0 → [Λpi−][Λ¯pi+] 1.1× 106 0.1%
J/ψ → Ξ−Ξ¯+ → [Λpi0][Λ¯pi0] 1.6× 106 0.08%
Table 6.5: The BESIII sensitivities, which are presented as the estimated uncertainties
multiplied by the square root of the observed signal yields, in the the spin entangled Ξ-Ξ¯
system for the extracted parameters. Errors for the parameters of the charge conjugated
decay modes are the same. The input values of the Ξ parameters have only minor effect
on the sensitivities.
αΞ αΛ φΞ αψ ∆Φ 〈αΞ〉 AΞ 〈αΛ〉 AΛ 〈αΞαΛ〉 AΞΛ 〈φΞ〉 BΞ
J/ψ → Ξ−Ξ¯+ (∆Φ = 0) 2.0 3.1 5.8 3.5 6.0 1.4 3.7 1.7 3.5 0.78 4.0 4.1 110
J/ψ → Ξ−Ξ¯+ (∆Φ = pi/2) 1.9 2.8 5.4 3.0 13 1.4 3.5 1.6 3.1 0.76 3.9 3.8 100
e+e− → Ξ−Ξ¯+ (αψ = 1) 1.9 2.7 5.0 − − 1.3 3.4 1.4 3.1 0.76 4.0 3.5 96
ηc, χc0 → Ξ−Ξ¯+ 1.6 2.2 3.7 − − 1.1 2.9 1.0 2.6 0.72 3.9 2.6 71
two extreme cases: ∆Φ = 0 and pi/2. The results for other decays: ψ(3686) → Ξ−Ξ¯+
and J/ψ, ψ(3686) → Ξ0Ξ¯0 are similar. Also shown are the results for the e+e− → Ξ−Ξ¯+
asymptotic case with αψ = 0 and for a scalar charmonium decay to ΞΞ¯. Contrary to
e+e− → ΛΛ¯, the polarization in the production process plays practically no role. The
weak decay phases φΞ and φΞ¯ are not correlated with each other and with any other
parameters.
6.3.2 Constraint on BNV from Λ− Λ¯ Oscillation
The stability of ordinary matter implies baryon number (B) conservation. However,
the observed fact of baryon asymmetry in the Universe shows that baryon number should
be broken. There are many theoretical models in which B is not exactly conserved, with
B and lepton number (L) violated simultaneously while conserving B − L.
It was pointed out long ago [70] that a crucial test of baryon number violation are
neutron-antineutron (n-n¯) oscillations, and many corresponding experiments have been
conducted [42]. If n-n¯ oscillation exists, Λ-Λ¯ oscillations may also take place [71]. There
is a proposal to search for Λ-Λ¯ oscillations in the decay of J/ψ → ΛΛ¯ [72]. Until now,
however, there has not been any direct experimental searches for this process.
At BESIII, the decay of J/ψ → pK−Λ¯ has a very simple final state and is almost
background free, so it is well suited for searching for Λ − Λ¯ oscillations. Initially, J/ψ
decays into pK−Λ¯ final state (defined as a right-sign event, as Λ¯→ p¯pi+ is detected along
with pK−), and then, with some Λ¯ oscillating into Λ, the final state becomes pK−Λ
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(defined as a wrong-sign event, as Λ→ ppi− is detected with pK−), so the probability of
generating a final Λ from an initial Λ¯ can be determined by the ratio of wrong sign events
over right sign events.
The time evolution of the Λ-Λ¯ oscillation can be described [72] by a Schroedinger-like
equation,
i
∂
∂t
(
Λ(t)
Λ¯(t)
)
= M
(
Λ(t)
Λ¯(t)
)
,
where the matrix M is Hermitian,
M =
(
mΛ −∆EΛ δmΛΛ¯
δmΛΛ¯ mΛ¯ −∆EΛ¯
)
,
and δmΛΛ¯ is the ∆B = 2 oscillation parameter due to some NP effect, mΛ (mΛ¯) is the
mass of the Λ(Λ¯) baryon, and ∆E is the energy split due to an external magnetic field.
For an unbound Λ propagating in a vacuum without an external field, both ∆EΛ and
∆EΛ¯ are zero.
Starting with a beam of free Λ particles, the probability P (Λ¯, t) of generating a Λ¯ after
traveling some time t, is given by
P (Λ¯, t) = sin2(δmΛΛ¯ · t).
BESIII can measure the time integral of the probability, i.e., the oscillation rate, by
P (Λ¯) =
∫ Tmax
0
sin2(δmΛΛ¯ · t) · e−t/τΛ · dt∫∞
0
e−t/τΛ · dt ,
where P (Λ¯) is the time-integrated probability of Λ→ Λ¯, τΛ is the lifetime of the Λ baryon,
and Tmax is the maximum flight time. If we assume Tmax is large enough in the BESIII
tracking system, the oscillation parameter can be deduced as
δmΛΛ¯ =
√
P (Λ¯)
2 · (τΛ/~)2 .
With the recently-accumulated data sample of 1010 J/ψ events, the upper limit of the Λ-Λ¯
oscillation rate will be at 10−6 level (90% C.L.) based on the analysis of J/ψ → pK−Λ¯
events, and the constraint on δmΛΛ¯ will be reduced to 10
−16 MeV (90% CL). On the other
hand, a time-dependent analysis of the produced Λ-Λ¯ pairs from the J/ψ decays can be
investigated, taking advantage of their long mean flight distance of 7.6 cm in the detector.
So BESIII will provide a very stringent constraint on NP in this channel.
6.3.3 More symmetry violation in hyperon decays
Since BESIII has a rather large hyperon data set, Λ’s from hyperons can also be used
to study symmetry violations and search for NP, as was recently summarized in a nice
review [73]. Here we reproduce the summary table (Table 6.6) showing lepton or baryon-
number violating hyperon decays and their expected sensitivities with future BESIII data
sets. More information can be found in the original paper [73].
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Table 6.6: Lepton or baryon number violating hyperon decays and expected sensitivities with
1010 events on the J/ψ peak and 3× 109 events on the ψ(3686) peak. The current J/ψ data are
from CLAS as listed in PDG. “-” indicates “not available”, l = e or µ, and M± refers to the
charged stable mesons (M± = pi± or K±). Each reaction shows evidence of ∆L = ±1 or/and
∆B 6= 0, and each reaction conserves electric charge and angular momentum [73].
Decay mode Current data Expected BESIII ∆L ∆B
B (×10−6) B (×10−6)
(at the 90% C.L.)
Λ→M+l− < 0.4 ∼ 3.0 < 0.1 +1 −1
Λ→M−l+ < 0.4 ∼ 3.0 < 0.1 −1 −1
Λ→ K0Sν < 20 < 0.6 +1 −1
Σ+ → K0Sl+ - < 0.2 −1 −1
Σ− → K0Sl− - < 1.0 +1 −1
Ξ− → K0Sl− - < 0.2 +1 −1
Ξ0 →M+l− - < 0.1 +1 −1
Ξ0 →M−l+ - < 0.1 −1 −1
Ξ0 → K0Sν - < 2.0 +1 −1
6.4 Charged Lepton Flavor (Number) Violation de-
cays
Charged Lepton Flavor Violation (CLFV) processes are highly suppressed in the SM by
finite but tiny neutrino masses. Their branching fractions are predicted to be negligibly
small – and no such reactions have been observed. Yet, there are various theoretical
models that predict the rates for CLFV transitions to be large enough to be experimentally
observable. Examples include SUSY grand unified theories [75], SUSY with a right-handed
neutrino [76], gauge-mediated SUSY breaking [77], SUSY with vector-like leptons [78],
SUSY with R-parity violation [79], models with Z ′ [80], or models with Lorentz non-
invariance [81]. While the discovery of neutrino oscillations has confirmed the existence
of neutrino masses and LFV in the neutral lepton sector, detection of LFV in the charged
lepton sector would provide direct evidence for NP.
Experimentally, searches for CLFV effects have been carried out in a variety of ways,
including decays of leptons, pseudoscalar, and vector mesons, as well as in other processes.
In the charmonium system, BESII obtained a limit B(J/ψ → eµ) < 1.1 × 10−6 [82]
by analyzing a data sample of 58 million J/ψ events. BESIII has so far analyzed 255
million J/ψ decays. Four events have been observed, which is consistent with background
estimate. As a result, BESIII set the upper limit of B(J/ψ → eµ) < 1.6×10−7 at the 90%
C.L. [83], which is currently the best upper limit on CLFV in charmonium decays. BESII
also placed bounds on B(J/ψ → µτ) < 2.×10−6 and B(J/ψ → eτ) < 8.3×10−6 [84]. The
limits on these decay channels will be updated at BESIII with the data set that includes
1010 J/ψ decays, so orders of magnitude improvement is expected.
CLFV and lepton-number-violating (LNV) processes can also be probed in D-meson
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decays at BESIII. No evidence has been found for the D-meson decays with either CLFV
or LNV. The present experimental bounds on the branching fractions are generally set at
the level of 10−6 to 10−5 (with a notable exception of D0 → µe, where B(D0 → µ±e∓) <
1.3 × 10−8) [85]. D decays with LNV, such as D+ → l+l+X− and D+s → l+l+X−, are
also forbidden in the minimal SM, but are possible if massive neutrinos are Majorana
particles.
However, for CLFV processes such as D0 → l+l′− and D0 → l+l′−X, LHCb will
dominate the searches even if BESIII increases the available data set of D-meson decays
by an order of magnitude in the future. On the other hand, BESIII has some potential to
search for LNV transitions such as D+ → l+l+X− and D+s → l+l+X−, due to the clean
environment and low charge confusion rates.
Effective Lagrangian and NP models
NP models probed at BESIII include those predicting lepton-flavor violating interac-
tions. They can be probed in decays to flavor-non-diagonal combination of final state
leptons `i = e, µ, τ . Due to a multitude of NP models contributing to CLFV processes,
it is advantageous to introduce an effective Lagrangian that economically encodes all of
these NP models. The details of the models are encoded in Wilson coefficients, while
quark-lepton dynamical effects are described in a set of CLFV operators.
The effective Lagrangian Leff that involves CLFV can in general be written as
Leff = L`q + LD + LG + · · ·, (6.16)
where LD is a dipole part, L`q is the part that contains four-fermion interactions, and LG
is a gluonic part [86, 87].
The dipole part LD has been extremely well constrained in purely leptonic CLFV
decays of the type `1 → `2γ [88, 89]. It appears that any possible contributions from
LD to charmed particle decays would be four-to-six orders of magnitude smaller than the
ones from other sectors of Leff , so it will be neglected in the following discussion [86].
The four-fermion dimension-six lepton-quark part of the effective Lagrangian,
Eq. (6.16) is [88]
L`q = − 1
Λ2
∑
q=u,c
[ (
Cqc`1`2V R `1γ
µPR`2 + C
qc`1`2
V L `1γ
µPL`2
)
qγµc
+
(
Cqc`1`2AR `1γ
µPR`2 + C
qc`1`2
AL `1γ
µPL`2
)
qγµγ5c
+ m2mcGF
(
Cqc`1`2SR `1PL`2 + C
qc`1`2
SL `1PR`2
)
qc (6.17)
+ m2mcGF
(
Cqc`1`2PR `1PL`2 + C
qc`1`2
PL `1PR`2
)
qγ5c
+ m2mcGF
(
Cqc`1`2TR `1σ
µνPL`2 + C
qc`1`2
TL `1σ
µνPR`2
)
qσµνc + h.c.
]
.
Here PR,L = (1±γ5)/2 is the right (left) chiral projection operator. In general the Wilson
coefficients would be different for different lepton flavors `i and quark flavors q = u, c.
This implies that decays of charmonium states and D-mesons probe different terms (and
different models of NP) in the effective CLFV Lagrangian.
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The dimension seven gluonic operators in LG appear for flavor-diagonal quark transi-
tions, i.e., for q = c [87, 90],
LG = −m2GF
Λ2
βL
4αs
[(
C`1`2GR `1PL`2 + C
`1`2
GL `1PR`2
)
GaµνG
aµν
+
(
C`1`2
G¯R
`1PL`2 + C
`1`2
G¯L
`1PR`2
)
GaµνG˜
aµν + h.c.
]
. (6.18)
Here βL = −9α2s/(2pi) is defined for the number of light active flavors, L, relevant to the
scale of the process, for which we take µ ≈ 2 GeV. All Wilson coefficients should also be
calculated at the same scale. GF is the Fermi constant and G˜
aµν = (1/2)µναβGaαβ is a
dual to the gluon field strength tensor.
Each term in Eqs. (6.17-6.18) can be separately probed in two-body decays of char-
monium states with different JPC and D-mesons, as their constrained kinematics only
selects operators with particular quantum numbers. As will be shown below, J/ψ → ¯`1`2
decays select vector and tensor operators, while χc → ¯`1`2 and ηc → ¯`1`2 only select scalar
and pseudoscalar/axial operators in Eq. (6.17).
6.4.1 Decays of J/ψ, ψ(3686)→ l1l2, l1l2γ
Experimental constraints on J/ψ → `1`2 branching fractions can be effectively con-
verted to bounds on Wilson coefficients of vector and tensor operators in Eq. (6.17).
Those Wilson coefficients can then be related to model parameters of explicit realizations
of possible UV completions of the effective Lagrangian in Eq. (6.16). Examples of par-
ticular new physics models include Z ′ scenarios [91], R-parity violating supersymmetric
models [92–94], and other approaches [95, 96].
The most general expression for the J/ψ (or any ψ(nS))→ `1`2 decay amplitude can
be written as
A(V → `1`2) = u(p1, s1)
[
A`1`2V γµ +B
`1`2
V γµγ5 +
C`1`2V
mV
(p2 − p1)µ
+
iD`1`2V
mV
(p2 − p1)µγ5
]
v(p2, s2) 
µ(p), (6.19)
where V = J/ψ or ψ(3686), and A`1`2V , B
`1`2
V , C
`1`2
V , and D
`1`2
V are dimensionless con-
stants which depend on the underlying Wilson coefficients of the effective Lagrangian
of Eq. (6.17) as well as on hadronic effects associated with meson-to-vacuum matrix el-
ements or decay constants. We shall neglect dipole and tensor operator contributions,
which implies that C`1`2V = D
`1`2
V = 0 [86]. The branching fractions of the vector ψ states
are calculated from Eq. (6.19), which yield the ratio
B(ψ → `1`2)
B(ψ → e+e−) =
(
mV (1− y2)
4piαfψQq
)2 [∣∣A`1`2V ∣∣2 + ∣∣B`1`2V ∣∣2] . (6.20)
Here α is the fine structure constant, Qc = 2/3 is the charge of the c-quark, the mass of
the lighter of the two leptons has been neglected, and y = m2/mV . The coefficients A
`1`2
V
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Table 6.7: Current [86] and future BESIII constraints on B(J/ψ → `1`2). The projections
with CC and MVA methods provide the conservative and agressive estimations, respectively.
`1`2 µτ eτ eµ
Current upper limit 2.0× 10−6 8.3× 10−6 1.6× 10−7
BESIII projected (CC) 3.0× 10−8 4.5× 10−8 1.0× 10−8
BESIII projected (MVA) 1.5× 10−8 2.5× 10−8 6.0× 10−9
and B`1`2V depend on the initial state meson,
A`1`2V =
fVmV
2Λ2
(
Ccc`1`2V L + C
cc`1`2
V R
)
,
B`1`2V = −
fVmV
2Λ2
(
Ccc`1`2V L − Ccc`1`2V R
)
. (6.21)
The constraints on the Wilson coefficients also depend on the meson decay constants,
〈0|qγµq|V (p)〉 = fVmV µ(p) , (6.22)
where µ(p) is the V -meson polarization vector, and p is its momentum [97]. The decay
constants are fJ/ψ = 418 ± 9 MeV and fψ(3686) = 294 ± 5 MeV. They are both known
experimentally from leptonic decays and theoretically from lattice or QCD sum rule cal-
culations.
Experimentally, there is an ongoing analysis based on an existing data set of 1.3× 109
J/ψ decays. In this study the selection efficiencies for both J/ψ → µτ and J/ψ → eτ
are around 14%. Based on the same Cut and Count (CC) analysis technique, with the
assumption of similar efficiencies, we can make a projection of future BESIII sensitivity
in this channel. By constructing cocktail samples from the 1.3 × 109 data set, and then
performing toy MC (pseudo-experiment) studies, the sensitivity with 1010 J/ψ events is
evaluated. The 90% C.L. upper limits on the numbers of signal events are estimated
according to the recoiled τ mass distributions. With 1010 J/ψ decays, the projected
sensitivities of the two channels are estimated to be both at 10−8 level. Such results would
represent an improvement of almost two orders of magnitudes compared to those obtained
at BESII. The systematic uncertainties have also been estimated, and are expected to be
sub-dominant even for this very large sample. With more advanced analysis techniques
such as multivariate analyses (MVA), the efficiencies could be increased with decreased
background levels which results in even better sensitivities. The current and future BESIII
constraints on B(J/ψ → `1`2) are summarized in Table 6.7. Based on these projections,
the resulting constraints on the combination of Wilson coefficients and NP scale Λ, both
current and projected, can be found in Table 6.8.
A promising approach for increasing the sensitivity of J/ψ decays to CLFV operators is
to consider radiative charged lepton-flavor violating (RCLFV) transitions. The addition
of a photon to the final state certainly reduces the number of the events available for
studies of CLFV decays. However, the data set of J/ψ’s accumulated by BESIII is huge,
and this requirement also makes it possible for other operators in Leff to contribute. Since
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Table 6.8: Constraints on the Wilson coefficients of four-fermion operators. Note that the
constraints on the right-handed couplings (L→ R) are the same. “−” means that no constraints
are currently available, “FPS” means that the decay is forbidden by phase space, and “N/A”
means that BESIII sensitivity studies are yet to be performed. Current constraints are from [86].
Leptons Constraints
Wilson coeff (GeV−2) `1`2 Current Projected
µτ 5.5× 10−5 [5.0, 7.1]× 10−6∣∣Ccc`1`2V L /Λ2∣∣ eτ 1.1× 10−4 [6.5, 8.7]× 10−6
eµ 1.0× 10−5 [2.8, 3.7]× 10−6
µτ − 7.4× 10−4∣∣Ccc`1`2AL /Λ2∣∣ eτ − 7.4× 10−4
eµ − N/A
µτ − 2.0∣∣Ccc`1`2SL /Λ2∣∣ eτ − 2.0
eµ − N/A
µτ FPS FPS∣∣Cuc`1`2AL /Λ2∣∣ eτ − N/A
eµ 1.3× 10−8 2.2× 10−8
the final state kinematics is less constrained than in two-body decays, the constraints on
the Wilson coefficients of the effective Lagrangian would depend on a set of V → γ form
factors that are not very well known [86]. To place meaningful constraints on the Wilson
coefficients from non-resonance J/ψ RCLFV decays one would need to employ the single-
operator dominance hypothesis, i.e., assume that only one operator contributes at a time.
For the axial, scalar, and pseudoscalar operators one has [86]
ΓA(J/ψ → γ`1`2) = 1
18
αQ2q
(4pi)2
f 2Vm
3
V
Λ4
[(
Ccc`1`2AL
)2
+
(
Ccc`1`2AR
)2]
,
ΓS(J/ψ → γ`1`2) = 1
144
αQ2q
(4pi)2
f 2VG
2
Fm
7
V
Λ4
[(
Ccc`1`2SL
)2
+
(
Ccc`1`2SR
)2]
y2, (6.23)
ΓP (J/ψ → γ`1`2) = 1
144
αQ2q
(4pi)2
f 2VG
2
Fm
7
V
Λ4
[(
Ccc`1`2PL
)2
+
(
Ccc`1`2PR
)2]
y2.
The J/ψ → γeµ channel is experimentally challenging at BESIII, so we focus on J/ψ →
γµτ and J/ψ → γeτ , where there is an ongoing analysis involving the current data set.
If MVA were to be used, the efficiency would be about 35% for both channels. There
is no detailed projection yet, but the sensitivity to branching fractions could then reach
(1− 3)× 10−8.
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6.4.2 χc(ηc)→ l1l2 via photon tagging in ψ(3686)→ γχc(ηc)
Similarly to probing operators with vector quantum numbers, as described in
Sec. 6.4.1, the scalar and pseudoscalar operators in Eq. (6.17) can be probed in decays
of scalar and pseudoscalar charmonia. Although these states are not produced directly
in e+e− collisions, they can be studied in the radiative decays of vector charmonia [86].
Since at resonance
B(V → γ`1`2) = B(V → γM)B(M → `1`2), (6.24)
states with large B(V → γM) can be used to probe B(M → `1`2) [86]. An example
includes
B(ψ(3686)→ γχc0) = (9.99± 0.27)% ,
B(ψ(3770)→ γχc0) = (0.73± 0.09)% ,
for probing scalar operators in the decays of the scalar states M = χc. BESIII will have
the highest sensitivity in the ψ(3686)→ γχc0, and χc0 → µτ and χc0 → eτ decay channels.
It is estimated that the efficiency in B(ψ(3686)→ γχc0) could reach about 10%.
If BESIII could collect a data set with about 3 × 109 ψ(3686) events, the sensitivity
for χc0 → µτ and χc0 → eτ could reach (1− 3)× 10−7. Similarly,
B(J/ψ → γηc) = (1.7± 0.4)% ,
B(ψ(3686)→ γηc) = (0.34± 0.05)% ,
for the pseudoscalar state M = ηc. BESIII will be sensitive to J/ψ → γηc, ηc → µτ and
ηc → eτ decay channels. With 1010 J/ψ events and a detection efficiency of 10%, the
sensitivity to ηc → µτ and ηc → eτ could reach (2− 5)× 10−7.
It must be pointed out that in both χc0 and ηc cases the decay to eµ is more challenging,
as both the level and complexity of backgrounds are expected to be higher. It nevertheless
is still possible to probe these decay channels with the final BESIII data set, although
a separate dedicated analysis is needed. Here it is expected that BESIII will be able to
probe decay branching fractions at the level of 10−7 as well.
The most general expressions for scalar and pseudoscalar decays M → `1`2 are both
A(M → `1`2) = u(p1, s1)
[
E`1`2M + iF
`1`2
M γ5
]
v(p2, s2) , (6.25)
with E`1`2M and F
`1`2
M being dimensionless constants for scalar M = χc or pseudoscalar M =
ηc decay amplitudes, which depend on the Wilson coefficients of operators in Eq. (6.17)
and decay constants. The corresponding branching fraction is
B(M → `1`2) = mM
8piΓM
(
1− y2)2 [∣∣E`1`2M ∣∣2 + ∣∣F `1`2M ∣∣2] . (6.26)
Here ΓM is the total width of the decaying state and y = m2/mM . The generic expressions
for the coefficients E`1`2M and F
`1`2
M for the pseudoscalarM = P and scalarM = S states are
given in [86]. We can simplify them by neglecting the contributions from gluonic operators
of Eq. (6.18), as ηc and χc are not expected to contain large gluonic components in their
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wave functions. The Wilson coefficients of the gluonic operators are better probed in
CLFV tau decays, where the low energy theorems [90] or experimental data [87] constrain
gluonic matrix elements in a model-independent manner.
With this, P = ηc CLFV decays will be mainly sensitive to axial operator contributions
in L`q of Eq. (6.17) [86],
E`1`2P = y
mP
4Λ2
[−ifP [2 (Ccc`1`2AL + Ccc`1`2AR )−m2PGF (Ccc`1`2PL + Ccc`1`2PR )]] ,
F `1`2P = −y
mP
4Λ2
[
fP
[
2
(
Ccc`1`2AL − Ccc`1`2AR
)−m2PGF (Ccc`1`2PL − Ccc`1`2PR )]] , (6.27)
while scalar S = χc CLFV decays will uniquely probe scalar CLFV operators of Eq. (6.17),
E`1`2S = iyfSmc
m2SGF
2Λ2
(
Cccl1l2SL + C
ccl1l2
SR
)
,
F `1`2S = yfSmc
m2SGF
2Λ2
(
Cccl1l2SL − Cccl1l2SR
)
, (6.28)
where the decay constants are fηc = (387 ± 7) MeV [97], and fχc ≈ 887 MeV [98],
for the pseudoscalar and scalar states, respectively. The resulting constraints on the
combination of Wilson coefficients and NP scale Λ, both current and projected, can be
found in Table 6.8.
6.4.3 (radiative) Leptonic decays of D0 → l1l2, γl1l2
Studies of lepton flavor violation can also be performed with D0 decays into `1`2
and γ`1`2 final states. These decays involve FCNC transitions in both quark and lepton
currents, so the set of effective operators tested is given in Eq. (6.17) for q = u. We
should emphasize that they are different from the operators discussed in Sects. 6.4.1 and
6.4.2, although particular NP models could give contributions to both sets of operators,
in which case the Wilson coefficients of Eq. (6.17) for q = c and q = u would depend on
different parameters of the same NP model.
As D-mesons are pseudoscalar states, the branching fraction for flavor off-diagonal
leptonic decays of D-mesons is given by Eq. (6.26) with M → D, so ΓD is the total width
of the D0. Calculating the form factors Euc`1`2D and F
uc`1`2
D for D¯
0 (q1q2 = cu) states
yields [88]
Eq1q2`1`2D =
mDfDy
2Λ2
[(
Cuc`1`2AL + C
uc`1`2
AR
)
+m2DGF
(
Cq1q2`1`2PL + C
q1q2`1`2
PR
)]
,
F q1q2`1`2D = i
mDfDy
2Λ2
[(
Cuc`1`2AL − Cq1q2`1`2AR
)
+m2DGF
(
Cuc`1`2PL − Cuc`1`2PR
)]
,
(6.29)
where fD = 207.4± 3.8 MeV is the D-meson decay constant.
The resulting constraints on the combination of Wilson coefficients and NP scale Λ,
both current and projected, can be found in Table 6.8. One should note that other
operators can be probed in D-decays. To access those, one can consider three-body
decays of a D-meson into γ`1`2 [88] or semileptonic CLFV decays. While increasing the
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reach of experiments, it also complicates theoretical interpretation of bounds, forcing one
to introduce additional hypotheses, such as single-operator dominance, as well as model
dependence. Using the results in Ref. [88], a set of constraints on CLFV operators can
be obtained. If BESIII could take about 20 fb−1 data at the ψ(3770), the sensitivity for
D0 → γeµ could reach (5− 10)× 10−7.
6.4.4 CLFV and LNV D(s) decays with light mesons
CLFV searches can include decays with light mesons in the final states, such as D →
pi`1`2 or Ds → K`1`2. A clear advantage in using those transitions can be seen in that
both charged and neutral D-mesons can be used for analyses. Disadvantages include, just
as in D → γ`1`2, difficulties with the theoretical interpretation of the experimental bounds
(unless directly projected onto particular NP models) and increased model dependence of
the bounds, as long-distance contributions become increasingly more pronounced.
Finally, lepton-number violating processes such as D+(s) → pi−(K−)`+`+ can also be
probed at BESIII. Especially, with 20 fb−1 of ψ(3770) data, BESIII could improve the
best upper limit to 4.6 × 10−7 and 2.3 × 10−7 for D+ → pi−e+e+ and D+ → K−e+e+
respectively, extrapolated from the current analysis.
6.5 Searches for light (invisible) NP particles
Several well-motivated proposals of BSM physics include new degrees of freedom
(DOF) that do not interact with the SM particles directly. Such DOFs constitute the
so-called “Dark Sector”. Particles that populate the Dark Sector could form a part or
whole of the Dark Matter (DM) in our Universe. There are only a few interactions allowed
by SM symmetries that provide a portal from the SM sector into the Dark Sector [99, 100].
Depending on the masses, such DM and portal DOFs could be probed at the low-energy
high-intensity frontier experiments, such as BESIII.
6.5.1 Physics of the Dark Sector
The presence of cold DM in our universe provides the most natural explanation for
several observational puzzles. If DM has a particle origin, it should be eventually detected
in particle physics experiments. In particular, if DM particles are light, with masses in the
keV-MeV range, as suggested by our understanding of small-scale gravitational clustering
in numerical simulations, they should be detectable in the decays of heavy meson states
at BESIII. These DM particles could be fermions, scalars, or even vector bosons. In many
models they are produced in pairs, as such models feature Z2 symmetry requirements for
writing Lagrangians with such particles.
In other models light new particles can be produced not only in pairs, but also indi-
vidually, in which case they could serve the role of mediators (portals) between the Dark
Sector and the SM. A particular motivation for such a scenario comes from the observa-
tions of anomalous fluxes of cosmic-ray positrons. In 2008, the PAMELA collaboration
reported an excess of positrons above 10 GeV [101], which has now been confirmed by
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many other experiments, such as ATIC [102], Fermi-LAT [103] and AMS02 [104]. In a
class of models, DM particles with masses of O(TeV) annihilate into a pair of light bosons
with masses of O(GeV), which subsequently decay into charged leptons [105, 106]. An
exchange of light bosons would increase the dark-matter annihilation cross section, allow-
ing the observations of anomalous cosmic-ray positrons to be explained. Moreover, if the
mediator is light enough, no extra anti-proton will be produced due to the kinematics.
This feature is consistent with the PAMELA antiprotons data. The light boson may be
a massive dark photon in the models with an extra U(1) gauge symmetry.
The dark photon field Vµ couples to the SM photon Aµ through kinetic mixing [107],
Lk = −κ
2
VµνF
µν , (6.30)
where Vµν is the dark photon’s field tensor Vµν = ∂µVν−∂νVµ. Note that this construction
is gauge-invariant. The dark photon can acquire a mass through the spontaneous symme-
try breaking mechanism. Some models predict that the mass of the dark photon is at the
scale from O(MeV) to O(GeV) [107, 108]. The kinetic mixing coupling κ is taken to be
very small. Similarly to the case of neutral-meson mixing, the introduction of the term
mixing Aµ and Vµ implies that neither of the fields is a mass eigenstate. Diagonalizing the
Lagrangian [107, 109] introduces a small coupling g between the new, weakly-interacting
vector field V ′µ, g ≈ κe, where e is the electric charge. Thus, dark photons can be searched
for in the decays of charmed particles [109] and/or charmonia.
The structure of the Dark Sector can be complicated, possibly with a class of light
particles including scalars, pseudo-scalars, gauge bosons and fermions at the GeV scale.
Since the interaction between the Dark Sector and the SM sector is very weak, the con-
straints on the mixing parameter and dark photon mass mainly come from the intensity
frontier, such as the measurements of electron and muon anomalous magnetic moments,
low-energy electron-positron colliders, beam-dump experiments and fixed-target experi-
ments [99, 100].
Light Dark Matter (LDM) with Z2 symmetry
Let us consider, as an example, the generic case of a complex neutral scalar field χ0
describing LDM. The discussion of other spin assignments of LDM and their effects in
charm decays can be found in [39]. A generic effective Hamiltonian of lowest dimension
describing c→ uχ∗0χ0 interactions is
H(s)eff = 2
∑
i
C
(s)
i
Λ2
Oi, (6.31)
where Λ is the scale associated with the particle(s) mediating interactions between the
SM and LDM fields, and C
(s)
i are the relevant Wilson coefficients of the operators
O1 = mc(uRcL)(χ
∗
0χ0),
O2 = mc(uLcR)(χ
∗
0χ0), (6.32)
O3 = (uLγ
µcL)(χ
∗
0
↔
∂µ χ0),
O4 = (uRγ
µcR)(χ
∗
0
↔
∂µ χ0),
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where
↔
∂= (
→
∂ −
←
∂ )/2, and χ∗0 is a conjugated state of χ0. Operators O3,4 disappear for
real scalar LDM, in which case χ∗0 = χ0. It is implied in Eq. (6.32) that the mediator of
interactions between LDM and the SM fields is heavy, MΛ > mD. The discussion can be
modified for the case of a light mediator (see [39]).
The simplest decay that is mediated by Eq. (6.32) is the transition D0 → χ0χ0, which
could contribute to the invisible D-decay width,
B(D0 → χ0χ0) =
(
C
(s)
1 − C(s)2
)2
4piMDΓD
(
fDM
2
Dmc
Λ2(mc +mu)
)2√
1− 4x2χ, (6.33)
where xχ = mχ/MD is a rescaled LDM mass. Clearly, this rate is not helicity-suppressed,
so it could be a quite sensitive tool to determine LDM properties at BESIII. Current
experimental constraints imply that(
C
(s)
1 − C(s)2
)
Λ2
≤ 8× 10−8, (6.34)
for mχ  mD, which corresponds to probing scales of NP over 3.5 TeV. Those constraints
could be improved with updated bounds on D0 → invisible decays. The constraints
obtained in Eq. (6.34) can be used in constraining parameters of particular models of
light DM [39, 110].
Similarly, the decay width of the radiative decay D0 → χ∗0χ0γ can be computed,
B(D0 → χ∗0χ0γ) =
f 2DαC
(s)
3 C
(s)
4 M
5
D
6Λ4ΓD
(
FD
4pi
)2
(6.35)
×
(
1
6
√
1− 4x2χ(1− 16x2χ − 12x4χ)− 12x4χ log
2xχ
1 +
√
1− 4x2χ
)
.
We observe that Eq. (6.35) does not depend on C
(s)
1,2 . This can be most easily seen from
the fact that the D → γ form factors of scalar and pseudoscalar currents are zero.
LDM without Z2 symmetry
If DM particles are very light, in the kev-MeV range, they do not need to obey Z2
symmetry, as their decays to pairs of SM states could be either suppressed kinematically
or by small coupling. This implies that DM particles can be emitted and absorbed by
SM particles. Due to their extremely small couplings to the SM particles, experimental
searches for such light states require large sample sizes and the ability to resolve signals
with missing energy. This means that BESIII is ideally suited for such searches. For
example, such particles could be searched for in leptonic D/Ds → `ν¯ decays, which are
helicity-suppressed in the SM. Additional emission of a dark photon or an axion-like
particle (ALP) a could lift the helicity suppression and change the energy spectrum of
the lepton [109]. Similarly, flavor-changing transitions of the type D → api resulting in a
two-body-like spectrum of pions in D → pi + invisible could become possible [111].
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Searches for dark photons can be performed in the decays of the charmonium states.
BESIII has the largest J/ψ data sample in the world. Associated production of dark
photons with other Dark Sector particles, such as the dark Higgs h′, is also possible and
has been studied [112, 113], provided that mh′ is such that production of this state is not
kinematically suppressed.
6.5.2 (radiative) Invisible decays of charmonia
Invisible decays of quarkonium states might provide a window into what may lie
beyond the SM. In the SM the invisible decays of the J/ψ and other charmonium states
are given by their decays into neutrino final states,
Γ(J/ψ → νν¯)
Γ(J/ψ → e+e−) =
9NνG
2
F
256pi2α2
M4J/ψ
(
1− 8
3
sin2 θW
)2
' 4.54× 10−7, (6.36)
where GF is the Fermi coupling, θW is the weak mixing angle, and Nν = 3 is the number
of light non-sterile neutrinos. It is interesting to note that this result is about three
orders of magnitude smaller than the corresponding decay of an Upsilon state [114].
Similarly, the SM branching fraction of radiative decays of J/ψ’s with missing energy is
also very tiny [115]. Thus, we may neglect neutrino-background effects when confronting
theoretical predictions for J/ψ decays into invisible states with experimental data. This
implies that invisible decays of charmonium states provide a great opportunity to search
for the glimpses of BSM physics. In BSM scenarios the decay rate might be enhanced
either by new heavy particles modifying the interactions of neutrinos and heavy quarks,
or by opening new decay channels into light DM states.
It is therefore possible to use invisible decays of charmonium states to put constraints
on various models of light DM, provided that DM states couple to charmed quarks [115–
118]. Predictions for radiative decays with missing energy in light DM models are available
in Ref. [119].
Due to its superb kinematic-reconstruction capabilities, BESIII can search for the in-
visible and radiative invisible decays of J/ψ and via decay chains ψ(3686)→ pi+pi−J/ψ(→
invisible) using pi+pi− as a trigger, similar to the the invisible decay search of the Υ (1S)
at BaBar [120]. With a data set of 3× 109 ψ(3686) events, the branching fraction of J/ψ
invisible decay could be probed to 3× 10−5.
6.5.3 Invisible decays of D mesons
Decays of D mesons into invisible final states can also provide an excellent probe of
light Dark Matter models. Similarly to Sect. 6.5.2, in the SM the invisible decays of D
mesons are constituted by their decays into neutrino final states, which can be computed.
A major difference between the heavy quarkonium and D decays into neutrinos includes
long-distance effects, which are currently poorly known. However, they are not expected
to dominate the short-distance (SD) estimates by many orders of magnitude. The SD
contributions to the branching fractions for D0 → νν decays can be readily computed.
One can immediately notice that the left-handed structure of the Hamiltonian should
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result in helicity suppression of those transitions. Assuming for neutrino masses that
mν ∼
∑
imνi < 0.62 eV [122], where mνi is the mass of one of the neutrinos,
B(D0 → νν) = G
2
Fα
2f 2Dm
3
D
16pi3 sin4 θWΓD0
|VbcV ∗ub|2X(xb)2x2ν ' 1.1× 10−30 . (6.37)
Here xν = mν/mD and ΓD = 1/τD is the total width of the D
0 meson. Such tiny rates
imply that decays of heavy mesons into neutrino-antineutrino final states in the SM can
be safely neglected as sources of background in the searches for DM in D decays. Such
helicity suppression in the final state can be overcome by adding a third particle, such
as a photon, to the final state. In fact, the SM contribution to invisible width of a D-
meson is dominated by D decays into a four-neutrino final state with a branching fraction
of B(D0 → 4ν) = (2.96 ± 0.39) × 10−27 [123]. The resulting branching fractions for
D0 → γνν¯ are also larger than D0 → νν by orders of magnitude [39, 124].
The Belle collaboration has published a limit on the branching fraction of D decays
to invisible final states, setting it at 9.4 × 10−5 at the 90% C.L. [125]. BESIII could
improve this limit to the order of 10−6 → 10−5 with the final charm data set. Many NP
models predict much larger branching fractions of D-mesons into the light DM states than
that of D → νν¯. This implies that the measurement of the invisible D-width provides a
practically SM-background-free search for such states [39]. Searches for D decays into a
meson state and missing energy can also probe light DM states [110, 126].
6.5.4 Invisible decays of light mesons
Decays of light mesons produced at BESIII can also probe new light particles [127].
In the case of dark photons, the general rule is that if light mesons can decay into regular
photons, they could also decay into dark photons [112, 128]. Since low-energy electron-
positron colliders produce numerous mesons, it is also possible to investigate dark photons
in the rare decays of mesons. For instance, one can search for a resonance in the processes
φ→ η + V ′ and pi/η → γ + V ′ → γl+l−.
The invisible decay of η and η′ mesons has been studied [129] with 2.25 × 108 J/ψ
events at BESIII, which improved previous limits from BESII. Invisible decays of the
vector states, such as ω or φ are also probed [121]. The sensitivities of these results
are dominated by the available statistics. With 1010J/ψ events already recorded, the
statistical uncertainty will be correspondingly reduced. These expected upper limits could
be further improved to 2.8×10−5 and 4.5×10−5 for ω and φ invisible decays, respectively.
6.6 Off-resonance searches
The clean collision environment and excellent detector performance of BESIII offer
opportunities for NP searches in kinematical regions where the energies of the electron
and positron are not tuned to the s-channel resonance production of the ψ(nS) states.
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6.6.1 Rare charm production: e+e− → D∗(2007)
As was mentioned in Sect. 6.2.2, the rate of the simplest FCNC decay, D0 → `+`−, is
helicity suppressed. This is manifested by a decay amplitude that is proportional to the
mass of the final state lepton. This fact makes observation of the branching fraction of
D0 → e+e− a near-impossible task and complicates the study of lepton flavor universality
in charm transitions.
e−
e+
D∗
D
pi(γ)
Figure 6.3: Probing the cu¯ → e+e− vertex with D∗(2007)0 resonant production in e+e−
collisions.
An interesting alternative to studies of D decays is to measure the corresponding
production process e+e− → D∗, as shown in Fig. 6.3 [130]. This is possible if BEPCII
takes data at a collision energy corresponding to the mass of the D∗ meson,
√
s ≈ 2007
MeV. The production process, e+e− → D∗0, which is inverse to the D∗ → e+e− decay,
is rather rare, as it is driven by FCNC. Yet, the produced D∗0 resonance, tagged by a
single charmed particle in the final state, will decay strongly (D∗0 → D0pi0) or electro-
magnetically (D∗0 → D0γ) with huge branching fractions of (64.7±0.9)% and (35.3±0.9)%
respectively. This production mechanism, albeit very rare, has clear advantages for NP
studies compared to the D0 → e+e− decay: the helicity suppression is absent, and a richer
set of effective operators can be probed. It is also interesting to note that, contrary to
other rare decays of charmed mesons, long-distance SM contributions are under theoretical
control and contribute at the same order of magnitude as the short-distance ones [130].
Some preliminary studies of this process have been done by CMD-3 at VEPP-2000 collider
in Novosibirsk [131].
It is interesting to estimate the sensitivity of BESIII to detect the process e+e− →
D∗ → Dpi. It can be shown that [130], crudely,
BD∗→e+e− ≥
(
1

∫
Ldt
)
× m
2
D∗
12pi BD∗→Dpi , (6.38)
assuming the beam energy resolution is smaller than the spread of the resonance cross
section. An average luminosity at the level of L ≈ 1.0 × 1032 cm−2s−1, with a year
(∼ 107 s) of running at the D∗ resonance yields ∫ Ldt = 1.0 fb−1. Thus, the single-event
sensitivity estimated from Eq. (6.38) implies that
BD∗→e+e− > 4× 10−13 (6.39)
could be probed in an ideal way. However, in practice beam energy resolution around√
s = 2 GeV at BEPCII would be more than several hundreds keV, which is at least
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one order of magnitude wider than the D∗ resonance width. Hence, the realistic upper
limit obtained with one-year data taking can be a few orders of magnitude worse than
the number given in Eq. (6.39).
To estimate the NP scale sensitivity implied by Eq. (6.39), one can assume single
operator dominance with a Wilson coefficient C to obtain [130]
Λ ∼
(
1
3pi
m3D∗f
2
D∗
32Γ0
C2
B(D∗ → e+e−)
)1/4
. (6.40)
With the upper bound of Eq. (6.39), one notes that observation of a single event in a
year of running would probe NP scales of the order of Λ ∼ 2.7 TeV provided that C ∼ 1.
Taking into account the current experimental bound, BD→e+e− = 7.9 × 10−8, one finds
that only scales Λ ∼ 200 GeV are currently probed by D → e+e− decay. It is the presence
of the lepton mass factor that severely limits the NP scale sensitivity in D0 → e+e−.
It should be noted that single-charm final states required for this analysis can also
be produced in non-leptonic weak decays of heavy quarkonium states, such as J/ψ →
Dpi, discussed earlier in Sect. 6.2.1, albeit in different kinematical regions. Since heavy
charmonium states lie far away from the energy region required for this analysis, these
transitions will not produce any backgrounds for e+e− → D∗ → Dpi, but can be used to
study experimental systematics associated with such final states (see Sect. 6.2.1).
6.6.2 Dark photon and dark Higgs searches
Electron-positron colliders are suitable for probing dark photons through either the di-
rect production or rare decays of mesons (see Sect. 6.5). Dark photons, directly produced
in e+e− annihilation could subsequently decay into charged leptons, [113, 128, 132–134],
which could be detected at BESIII. In comparison with the irreducible QED background,
dark-photon production is highly suppressed. To reduce the background, precise recon-
struction of the dark-photon mass and high luminosity are important. Such analyses have
been performed by interpreting results from the BaBar experiment [128, 135, 136]. The
mixing parameter κ (see Sect. 6.5.1 for definition) is constrained for the dark photon
with a mass of about 1 GeV. The limits can be further improved at Belle II [137]. The
potential reach of BESIII has been discussed in Ref. [112], where 20 fb−1 of data collected
at ψ(3770) is assumed.
At BESIII, the most promising channel to search for dark photons is through the
radiative decay e+e− → γV ′? → γe+e−. The published BESIII result[138] based on
2.9 fb−1 ψ(3770) data is competitive with the upper limit from BaBar [139] based on nine
years running.
BESIII searches would be also competitive if the dark photon decays invisibly (or is
detector-stable, i.e., it mostly decays outside of the detector volume). An estimate of
the possible constraints from the existing data set shows BESIII could reach or exceed
the existing BaBar limit. In the future, both the ψ(3770) and XY Z data sets will be
increased, so the exclusion limit will be further pushed down by BESIII. However, it will
be difficult to reach the relic density limit, since it lies a further 2-4 orders of magnitude
beyond. Future data sets will provide an opportunity for studying other channels that are
feasible for dark-photon searches, such as J/ψ → e+e− + V ′ [132] or ψ(3686)→ χc + V ′.
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Another search strategy is to look for dark photons indirectly. This applies to BSM
models with light dark-Higgs particles h′. We can search for a dark photon associated
with a dark Higgs h′ through the Higgs-strahlung e+e− → V ′h′. Masses of both the dark
Higgs and the dark photon are unknown. The dark Higgs h′ decay modes strongly depend
on the relation between these two masses.
1. mh′ > 2×mV ′ : h′ → V ′V ′;
2. mV ′ < mh′ < 2×mV ′ : h′ → V ′V ′∗, where V ′∗ decays into leptons;
3. mh′ < mV ′ : h
′ decays to lepton pairs or hadrons, or h′ → invisible.
There may also be other light bosons in the dark sector, for instance gauge bosons
associated with extra non-Abelian symmetries [140]. The final states of the direct pro-
duction could contain more lepton pairs. In this case, it is easier to extract the signals
from large QED backgrounds via the reconstruction of resonances. BESIII has published
two results from a light Higgs search, exploiting ψ(3686) [141] and J/ψ [142] decays re-
spectively. These results can also be interpreted to constrain the dark photon. They are
still limited by statistics, so the sensitivity will be improved with more data.
6.6.3 Axion-Like particles
Axion-like particles (ALP), commonly denoted as a, are present in many possible
extensions of the SM. ALPs arise as the Goldstone bosons of theories with additional
Peccei-Quinn symmetry (PQ) [143, 144], which is a spontaneously broken global symmetry
that is anomalous with respect to the SM gauge interactions. The a mainly couples to a
photon-pair via L = gaγγ
8
µναβF
µνFαβa. The search for an Axion-like particle at BESIII
can be performed via D → K∗a [145], ALP-strahlung (e+e− → γa) and the photon fusion
(e+e− → e+e−a) processes [146]. The searches for Axion-like particles are neither yet
explored by the BESIII experiment nor any other e+e− collider experiments. The Belle II
has a planned program on the searches for this kind of new particle [147].
At BESIII, the search for an ALP can also be explored via radiative decays of quarko-
nium states, such as J/ψ → γa. The branching fraction of J/ψ → γa can be computed
as, B(J/ψ → γa) = 1
8piα
g2aγγm
2
cB(J/ψ → e+e−) [148]. The large data-set collected by the
BESIII at J/ψ and ψ(3686) provide a unique opportunity to explore the possibility of the
ALPs. One of the possible difficulties could arise how to select two best photons for a→ γγ
reconstruction. One of the easiest ways would be to combine all the three possible combi-
nations of di-photon invariant mass spectrum, and then search for a narrow resonance ‘a’
signal. While assuming B(J/ψ → γA0)× B(A0 → µ+µ−) = B(J/ψ → γa)× B(a→ γγ),
the 90% C.L. upper limit on gaγγ is expected to be within the range of (8.7−115.9)×10−5
using the J/ψ sample of 1010 events in the absence of any significant signal.
6.6.4 Searches for fractionally charged particles
The electric charges of all known elementary particles are either zero, ±e, ±1
3
e, or ±2
3
e,
where e is the magnitude of the electron’s charge. While it is known that such charge
assignments are required for the cancellation of electroweak anomalies [149], we can not
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Figure 6.4: (Left) Existing limits of fractionally-charged particles in the low-mass region.
(Right) A typical dE/dx distribution in the signal region for m(F ) = 1.3 GeV/c2 and Q(F ) =
2
3e, where the red histogram indicates signal and the cyan histogram shows the background
estimation.
explain why this particular pattern of charges was chosen by Nature. Furthermore, quarks
always combine into composite particles with charges ne, where n = 0,±1,±2..., so all
observable particles have zero or integer charges in terms of e. This seems quite natural
but we do not understand the physical law behind this simplicity.
Some BSM models predict the existence of fractionally charged particles, such as
leptoquarks [150], modified QCD [151–153], etc. In the past 80 years, physicists have
searched for fractionally charged particles by employing various methods and technologies,
such as particle accelerators in both fixed target and collider modes, space science, analyses
of bulk matter and so on, without any confirmed observation [154].
In collider experiments, the ionization energy loss dE/dx can be used as a signature to
search for a fractionally charged particle F , with low background. The energy loss scales
roughly as (Q/e)2 where Q is the charge of F . Such searches have been performed at by ex-
periments at LEP, Tevatron, as well as earlier facilities, with the assumed mass of F larger
than 45 GeV/c2. The existing search results for low-mass fractionally charged particles
are shown in Fig. 6.4(a), presented as the ratio of σ(e+e− → FF¯+had)/σ(e+e− → µ+µ−).
The most sensitive low-mass search was performed by CLEO [155] and OPAL [156]. With
significant integrated luminosity in the tau-charm energy region, BESIII can search for
fractionally charged particles in the low-mass regime to improve the CLEO bounds.
BESIII’s drift chamber can measure dE/dx precisely, and the process e+e− → FF¯ can
be searched for by counting the number of events in the corresponding dE/dx distribution.
Figure 6.4(b) shows a typical signal dE/dx distribution from simulation of a given m(F ) =
1.3 GeV/c2 and Q(F ) = 2
3
e, where only 0.57 background events are expected in the
2.9 fb−1 ψ(3770) data. Using the Rolke method [157], the upper limit on σ(e+e− →
F+2/3F−2/3) at the 90% C.L. can be extracted. Table 6.9 shows the expected BESIII
sensitivity for the cross section with varying mass assumptions. The expected yields of
signal and background are from MC simulation, and only the statistical uncertainties are
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Table 6.9: Projections of BESIII limit on σ(e+e− → F+ 23F− 23 ) at √s = 3.773 GeV (with the
statistical uncertainties only) at the 90% C.L.
m(F )(GeV/c2) Nbkg Nobs(MC) (signal) σ (fb) for 2.9 fb
−1 σ (fb) for 20 fb−1
0.3 0 0 0.73 0.94 0.14
1.3 0.57 0.57 0.76 1.39 0.28
1.7 5.38 5.38 0.77 1.90 0.78
taken into account in the upper limits. It is clear that BESIII can provide improved
constraints on the mass of F in the low mass region.
To facilitate the comparison with existing results, the expected BESIII results can
also be presented as the ratio RF = σ(e
+e− → FF¯ )/σ(e+e− → µ+µ−). Using the
information presented in Table 6.9, the BESIII projection corresponds to RF ≈ 10−7.
This result would be several orders of magnitude lower than the existing data presented
in Fig. 6.4(a). Using all data samples with large integrated luminosity (≥500 pb−1) for
each energy point at BESIII, and by varying the charges of F , a set of better constraints
on the parameters of fractionally charged particles are expected.
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Chapter 7
Summary
The BESIII experiment has been running very successfully since 2009, and has now
collected around 30 fb−1 of integrated luminosity at a variety of critical energy points. The
physics output, to date, comprises more than 270 papers in highly-ranked peer-reviewed
journals, including one publication with more than 500 citations [1] and three others with
more than 250 citations [2–4]. BESIII is now recognized as one of the world’s leading
experiments in hadronic physics, and has made many significant measurements that are
important entries in the Review of Particle Physics [5].
Noteworthy areas of study have included the spectroscopy of hadronic states contain-
ing the charm quark, the spectroscopy of light-hadron states produced in the decay of
charmonia, and open-charm physics. Other significant results have been achieved in pre-
cision tests of the SM, checks of various predictions of QCD, and probes for new physics
beyond the SM.
This outstanding physics output has been enabled through the interplay between a
well-running accelerator and the superb capabilities of the BESIII detector, which have
allowed for new programs of operation and studies never previously attempted, for ex-
ample high precision energy scans. Open questions have been answered, but new ones
have arisen, which require higher precision measurements and even larger data sets. This
requirement, therefore, provides compelling motivation for a future extended running
program, accompanied by upgrades to both the machine and detector to deliver optimal
performance.
BESIII has a crucial and unique role to play in the world-wide effort to explore and
characterize the behavior of QCD in the non-perturbative regime, which is one of the
least understood areas of the SM. BESIII is the only hadron-physics experiment in the
world that exploits electron-positron annihilation in the τ -charm energy region.
Globally new experiments are starting or planned. Belle II in Japan runs at a higher
energy; the JLab experiments GlueX and CLAS12 in USA use photon and electron beams,
respectively; LHCb at CERN studies proton-proton collisions, and PANDA in Germany
will be a fixed-target experiment situated on an antiproton beam. Given the complexity
of the underlying physics, all these complementary approaches are necessary to tackle the
unsolved problems in our understanding of the strong interaction. The active and planed
experiments highlight the importance of the physics that BESIII studies and excels at.
With more data BESIII can address many critical questions regarding charm physics.
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Table 7.1: List of data samples collected by BESIII/BEPCII up to 2019, and the proposed
samples for the remainder of the physics program. The most right column shows the
number of required data taking days in current (TC) or upgraded (TU) machine. The
machine upgrades include top-up implementation and beam current increase.
Energy Physics motivations Current data Expected final data TC / TU
1.8 - 2.0 GeV R values N/A 0.1 fb−1 60/50 days
Nucleon cross-sections (fine scan)
2.0 - 3.1 GeV R values Fine scan Complete scan 250/180 days
Cross-sections (20 energy points) (additional points)
J/ψ peak Light hadron & Glueball 3.2 fb−1 3.2 fb−1 N/A
J/ψ decays (10 billion) (10 billion)
ψ(3686) peak Light hadron & Glueball 0.67 fb−1 4.5 fb−1 150/90 days
Charmonium decays (0.45 billion) (3.0 billion)
ψ(3770) peak D0/D± decays 2.9 fb−1 20.0 fb−1 610/360 days
3.8 - 4.6 GeV R values Fine scan No requirement N/A
XY Z/Open charm (105 energy points)
4.180 GeV Ds decay 3.2 fb
−1 6 fb−1 140/50 days
XY Z/Open charm
XY Z/Open charm
4.0 - 4.6 GeV Higher charmonia 16.0 fb−1 30 fb−1 770/310 days
cross-sections at different
√
s at different
√
s
4.6 - 4.9 GeV Charmed baryon/XY Z 0.56 fb−1 15 fb−1 1490/600 days
cross-sections at 4.6 GeV at different
√
s
4.74 GeV Σ+c Λ¯
−
c cross-section N/A 1.0 fb
−1 100/40 days
4.91 GeV ΣcΣ¯c cross-section N/A 1.0 fb
−1 120/50 days
4.95 GeV Ξc decays N/A 1.0 fb
−1 130/50 days
The study of leptonic and semileptonic charmed-hadron decays can greatly improve our
knowledge of decay constants, CKM matrix elements, form factors, and lepton flavor uni-
versality. LQCD, which plays a central role in these analyses, can be validated through
stringent tests. Quantum-correlated D0D¯0 production, accessible to BESIII alone, per-
mits strong-phase measurements which are necessary and invaluable input to CP -violation
studies at other facilities. Recent BESIII progress in mapping out decay modes of the
Λc will be expanded to include those channels currently missing, and new data involving
e+e− production of charmed baryon pairs will provide information on form factors in the
time-like domain.
In Table 7.1 we present the current data samples available at BESIII and those future
samples needed to execute the physics program presented in this White Paper. To meet
all requirements would mean another 12 years of operation assuming current BEPCII
luminosity performance, and the collection by BESIII of another 56 fb−1 of integrated
luminosity.
The BESIII physics goals laid out herein will benefit greatly from improved BEPCII
e+e− collision luminosity delivery. The accelerator group is strongly encouraged to imple-
ment top-up injection and to operate BEPCII close to the peak instantaneous luminosity
in order to achieve overall integrated luminosity improvement, and develop effective up-
grade plan to further enhance the luminosity performance and energy range. With these
efforts BESIII can achieve its science goals in less time than 12 years as estimated in
193
this White Paper. It would be reasonable to conclude that BESIII can continue for 10
years with a high quality physics program. It is important that the collaboration allo-
cates resources to evaluate the status of the detector system, to develop upgrade plans, to
optimize the data taking strategy and to maximize the physics output of the experiment.
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